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This thesis investigates multiple perspectives of developing an unmanned robotic system 
suited for planetary terrains. In this case, the unmanned system consists of unit-modular robots. 
This type of robot has potential to be developed and maintained as a sustainable multi-robot 
system while located far from direct human intervention. Some characteristics that make this 
possible are: the cooperation, communication and connectivity among the robot modules, 
flexibility of individual robot modules, capability of self-healing in the case of a failed module 
and the ability to generate multiple gaits by means of reconfiguration. To demonstrate the effects 
of high flexibility of an individual robot module, multiple modules of a four-degree-of-freedom 
unit-modular robot were developed. The robot was equipped with a novel connector mechanism 
that made self-healing possible. Also, design strategies included the use of series elastic actuators 
for better robot-terrain interaction. In addition, various locomotion gaits were generated and 
explored using the robot modules, which is essential for a modular robot system to achieve 
robustness and thus successfully navigate and function in a planetary environment. To investigate 
multi-robot task completion, a biomimetic cooperative load transportation algorithm was 
developed and simulated. Also, a liquid motion-inspired theory was developed consisting of a 
large number of robot modules. This can be used to traverse obstacles that inevitably occur in 
maneuvering over rough terrains such as in a planetary exploration. 
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Chapter 1: Introduction 
 
1.1 Introduction 
“Exploration is in our nature. We began as wanderers, and we are wanderers still. We 
have lingered long enough on the shores of the cosmic ocean. We are ready at last to set sail for 
the stars.”  
                                                                                                                 ― Carl Sagan, Cosmos [1] 
 
At the time of the writing of this dissertation, human technology has taken us to the point 
where we can practically become a spacefaring civilization. At this time, more than half a century 
has passed since the first human presence in space and more than four decades have passed since 
the “one small step” on the Earth’s Moon. Our probes and robotic vehicles are performing 
experiments on other worlds – some of them physically experiencing the extraterrestrial terrains. 
We have literally set sail for the stars as Voyager 1 spacecraft has already left the Solar System 
and is currently traveling through the interstellar space with a velocity of 17 km/s – towards the 
constellation Ophiuchus [2].  
After multiple robotic missions by NASA [3] and with the recent inception of the private 
space race [4] , it is now just a matter of time to set human foot on Mars. As spaceflights are 
getting less expensive, many of these robotic and human explorations have the potential of 
eventually setting up human habitats on the red planet. Now, as extraterrestrial environments are 
inclement for extended human stay, it may be beneficial to make the best use of robotics – either 
to aid humans present in those environments or to perform experiments and building of human 
habitats and stations ahead of their arrival. Planetary terrains are highly unstructured, and thus it 
would be beneficial to deploy robots that are capable of dealing with such environments while 
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performing their tasks. In addition, as space exploration is still very expensive and payload 
critical, sending individual robots for specific complex tasks might not result in affordable 
missions. Robots having modularity and multi-tasking capability can possibly solve these 
problems, which direct us to consider modular self-reconfigurable robots.  
Modular self-reconfigurable robots (MSRs) comprise identical (unit-modular or a 
homogeneous system) or various types (heterogeneous modular system) of autonomous robot 
modules that can connect with each other to form connected robot systems of various dimensions 
and configurations. MSRs are strong candidates to be applied to long-term planetary terrain 
exploration missions based on their characteristics of flexibility, robustness, self-healing 
capability and scalability. In this dissertation, we develop framework and hardware for a modular 
robot system to be able to perform locomotion and reconfiguration in a planetary environment 
over a long-term exploration mission. The following section presents the problem statement for 
this dissertation along with our approach in addressing these requirements. 
 
1.2 Problem description and solution strategies 
A long-term robotic planetary exploration mission is characterized by some specific 
design requirements for the robot system that are significantly different than task-specific robots 
performing in a known environment. For example, a robot performing repeatable tasks in an 
industrial setting will have minimal uncertainty in the environment, as it is structured and thus 
known to the robot. However, in field applications, robots encounter highly unstructured terrains 
where it is very difficult to develop a clear picture about the robot’s surroundings. In such a 
scenario, the environment is highly unpredictable, and thus the robot system needs to be flexible 
enough to adapt to the changes in the environment. In an extraterrestrial environment, there are 
additional challenges such as lack of human intervention, weight limitation (because of the high 
price of rocket propellant and size constraints in a rocket), poorly understood terrain properties, 
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GPS denied environment (affecting sensing capability), thin to no atmosphere situations 
(precluding the use of sonic sensors) etc. These characteristics will affect the robot systems 
during their missions and therefore must be considered during the design and experimentation 
phases.     
  A modular robot system with careful design and instrumentation can solve these 
problems by offering a number of unique characteristics as presented in the previous section. This 
dissertation attempts to address the presented problem by developing certain strategies and 
hardware using the MSR technology. We start with the design and development of a four-degree-
of-freedom (4-DOF) MSR called ModRED which has undergone lab experiments for proof of 
concept. Thorough design for an improved version named ModRED II is presented after this, 
which is specifically designed for rough terrain deployment. For the interfacing of these robot 
modules with each other, a genderless, single-sided docking mechanism is developed which 
would aid in the self-healing of the robot system which is essential for successful thriving of the 
robots in a planetary terrain. After this, various robot locomotion gaits are discussed using both 
the versions of ModRED. Selective assignment of locomotion gaits would result in a highly 
efficient and effective robot system to adapt to the surface roughness. Following this, a 
bioinspired cooperative load transport (with obstacle avoidance) is simulated using modular 
wheeled robots. With the development of wheeled configurations of ModRED robots, these 
simulations may be applicable in real-life experiments. Load transport is critical for a sustainable 
robot society for building structures, moving experimental rock samples etc. Finally, a liquid-
motion inspired locomotion theory is presented considering the possibility of deploying a large 
number of modular robots in a rough terrain environment and where obstacles must be traversed. 
In the next sections, we will discuss some of these issues in greater detail while comparing with 
the previous related work performed by other researchers.    
The chapter-wise contributions of this thesis are presented in Table 1.1. 
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Table 1.1. Chapter-wise contributions made in the thesis. 
Chapter 
Number 
Contribution 
Chapter 1 A thorough literature survey about sustainable robot systems for planetary 
exploration including robotic rovers already deployed in extraterrestrial 
environments as well as experimented, simulated and proposed modular 
robots. 
Chapter 2 Development of ModRED - a high dexterity modular robot with a novel 
prismatic DOF. This chapter presents the kinematic and detailed hardware 
analyses of the ModRED robot.   
Chapter 3 Design of ModRED II – an improved version of ModRED having special 
design considerations for rough terrain traversal. Detailed hardware analysis 
as well as design considerations and methodology were explained in this 
chapter. Once fabricated, ModRED II will exceed other existing modular 
robots in terms of its superior computation and sensing capabilities and 
flexibility to traverse rough terrains.  
Chapter 4 Development of a self-healing capable, single-sided, modular docking 
mechanism. This compact and high-strength mechanism can also be used by 
other modular systems because of its modular and plug-and-play capabilities.   
Chapter 5 Demonstration and proposition of various locomotion gaits using ModRED 
and ModRED II. Complex gaits are attainable using only a small number of 
modules and correspondingly less docking. 
Chapter 6 A simulation of cooperative robotic load transport and obstacle avoidance 
using a novel hybrid biomimetic behavior. The bio-inspired behaviors 
affecting the performance of the load carrying robots are investigated.   
Chapter 7 Proposition of a method for rough terrain traversal followed by design 
proposition for a highly autonomous modular robot called LIMoRED 
Chapter 8 Conclusions and comparisons of the robot systems presented in the 
dissertation and also directions towards future work based on this thesis.  
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1.3 Modular self-reconfigurable robots  
Robots have been used in various applications for decades. They have found great 
success in industry because of their desirable characteristics such as precision and repeatability. 
An industrial setting is a well-defined environment where uncertainty is relatively minimal. Many 
mobile robots are designed for specific tasks and are optimized for those tasks. Though this 
approach provides predictability and robustness under known operating conditions, these robots 
are not well suited for uncontrolled environments in which the tasks are unknown, such as space 
exploration [5]. During the last two decades, space exploration has increased tremendously with 
the launch of the Hubble Space Telescope, International Space Station, and current and past Mars 
landings. Though these space missions were successful, there were times when various equipment 
had to be repaired. To enable the next wave of space exploration, robots would need to be able to 
thrive in uncontrolled environments and be able to self-reconfigure or adapt to complete these 
various tasks. Similar strategies can be applied to other cluttered environments such as urban 
search and rescue (USAR). All these environments involve a great deal of uncertainty that cannot 
be handled properly by a conventional robot because these robots are task specific. These more 
unstructured tasks therefore require certain robot characteristics such as multi-tasking, modular 
design, robustness, reconfigurability, etc. Furthermore, to enable sustainability and autonomy of 
such a system, the robots must have a self-healing capability. This capability allows the system to 
maintain its full functional capabilities when encountering failed or defective modules. 
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Figure 1.1. Artist’s rendition of modular robots performing truss building setup tasks in 
making a robotic colony [6].   
 
1.3.1 Types of modular robots 
Modular self-reconfigurable robots (MSRs) are a type of robot that consists of multiple 
identical programmable modules; these modules can self-reconfigure, self-repair to adapt to 
different environments, and complete multiple tasks without direct outside intervention. 
According to Yim et al., modular robots are usually composed of multiple building blocks of a 
relatively small repertoire, with uniform docking interfaces that allow transfer of mechanical 
forces and moments, electrical power and communication throughout the robot [6]. This type of 
shape changing cellular robots can even exceed the flexibility of conventional robots as 
demonstrated by Murata et al. [7]. Modular robots are capable of changing their shapes according 
to the tasks at hand. They can even change the overall robot’s size by varying the number of robot 
modules attached to each other in a specific modular robot system. Thus, to incorporate the 
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aforementioned characteristics applicable to unstructured terrains, an MSR system can be 
deployed. 
There are three main types of MSR: chain, lattice, and hybrid. These differ in design and their 
method of operation during motion and self-reconfiguration. 
    
Figure 1.2. Different types of modular robots. (a) a schematic of lattice- and chain-type modular 
robots, (b) lattice-type Fracta robots [8], (c) chain-type PolyBot robots [5] and (d) hybrid-type 
MTRAN robots in different configurations [7]. 
 
• Chain Reconfiguration: Chain MSRs use continuous-motion kinematic joints. They are 
capable of attaching and detaching their modules to other modules within the system, 
thus making it easier for movement and completion of different desirable tasks [9]. 
• Lattice Reconfiguration: Lattice MSRs use binary kinematic states. The lattice-type 
robots change their overall shape by moving each module within a network of bordering 
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modules. For example, a block of cubic unit cells changes its shape with the shifting of 
each cubic cell within a grid [9]. 
• Hybrid Reconfiguration: Hybrid MSRs can change shape using both the chain and 
lattice reconfiguration features [7]. 
 
1.3.2 Modular robot state of the art 
In this research, the main focus is on chain- and hybrid-type MSRs. Examples of these chain-
type MSRs include PolyBot [9], Polypod [10], CONRO [11], MTRAN III [12] and SuperBot 
[13]. Though these robots are well developed, a goal of this research is to create a robot for space 
applications (or other unstructured environments) with greater kinematic abilities and more 
dexterity [6]. Therefore, we are specifically interested in 3-D MSRs (not constrained to planar 
motion) with a high number of degrees of freedom (DOF). Although this feature increases the 
complexity to control a single module (because of the increased number of actuators and their 
control electronics), it enhances the autonomy of an individual robot module and allows greater 
flexibility using only a few modules. It should be noted that in practice, it is difficult to 
successfully control a high number of modules (thus far a maximum of 56 Polybot modules have 
been simultaneously tested [9]) and so it may be more practical to use a few high-dexterity 
modules. From the list presented in Table 1.2, a comparison can be made about the characteristics 
of existing MSRs to those of ModRED and ModRED II (an improved version). 
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Table 1.2. Characteristics of select MSRs. 
System Class DOF Motion Space Connectors 
(Actuated) 
YaMor    [14] chain 1 2-D 2 (0) 
Molecube  [15] hybrid 1 3-D 2 (2) 
PolyBot       [9] chain 1 3-D 2 (2) 
Tetrobot   [16] chain 1 3-D 2 (0) 
M-Blocks [17] lattice 1 3-D 6 (0) 
CONRO    [11] chain 2 3-D 4 (1) 
Polypod     [10] chain 2 3-D 6 (2) 
MTRAN III [12] hybrid 2 3-D 6 (3) 
Superbot   [13] hybrid 3 3-D 6 (6) 
 iMobot     [18] hybrid 4 3-D 6 (0) 
SMORES [19] hybrid 4 3-D 4 (3) 
ModRED   [2] hybrid 4 3-D 2 (2) 
ModRED II  hybrid 4 3-D 4 (4) 
 
The developed ModRED MSR has features similar to these robots but exceeds most of them 
in per-module dexterity (because of an increased per-module DOF), self-healing capable docking 
(as will be discussed in Chapter 4), multifaceted docking, and enhanced sensing and computation 
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power (these last three are applicable for ModRED II). Comparing to the other 4-DOF robots, 
ModRED and ModRED II offer a novel combination of degrees of freedom. As a result, these 
developed / proposed robot systems improve the ability of an MSR system to perform 
multitasking needed in future space exploration applications as well as to enhance individual 
modules’ autonomy and robustness. The design of the ModRED and ModRED II robot systems 
will be elaborated on in Chapter 2 and 3. 
 
1.4 Planetary exploration and sustainability 
Because of the towering cost of space travel, sustainability of the deployed robot system 
is a critical issue to address during a mission. For planetary exploration and experimentation, the 
robots need to thrive in the planetary environment long enough to be able to perform the assigned 
tasks successfully. Sustainability of a robot system is a challenging issue in an extraterrestrial 
environment. First of all, it requires complex sensing and robust actuation capabilities to interact 
with the rough terrains and to perform its tasks autonomously. Also, the system needs to have 
self-healing capability for maintaining its performance over an extended period of time. Specifics 
on self-healing will be discussed in the next section. In this section, we will discuss some 
previous work on sustainability of robots and robotic systems in planetary environments.  
To date, wheeled rovers were developed and deployed in planetary terrain explorations 
by different space agencies.  We have studied the durability of a number of these rovers which is 
presented in Table 1.3. 
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Table 1.3. Sustainability of some planetary exploration rovers. as of March 19, 2014 [20, 21]. (+) 
notation indicates that the rover is still active. 
Name of the 
Rover 
Launching 
Year 
Developer Agency Deployment 
Site 
No. of 
Earth 
Days 
Active 
Distance 
Traveled 
(m) 
Lunokhod 1 1970 Soviet Space 
Program 
Earth’s Moon 308 10,540 
Lunokhod 2 1973 Soviet Space 
Program 
Earth’s Moon 116 42,100 
Yutu 2013 CNSA (China) Earth’s Moon 60 40 
Sojourner 1997 NASA Mars 85 100 
Spirit 2004 NASA Mars 2269 7730 
Opportunity 2004 NASA Mars 3626+ 38790+ 
Curiosity 2012 NASA Mars 604+ 4600+ 
  
 From these data concerning robotic vehicles, we can observe that many of these rovers 
were quite successful at self-sustaining in inclement planetary environments for long periods of 
time while performing locomotion and experimentation tasks successfully. Now, these rovers can 
only cover a very limited area which can be improved by sending a team of collaborative rovers. 
A future step can be to send a large number of MSRs as they can more efficiently handle the 
terrain conditions by varying their configurations and gaits. Also, the launching of these rovers 
was very expensive, so extending the life-span of a mission can potentially save on the cost of 
multiple launches. A number of these rovers failed due to communication or mechanical systems 
failure which would not be as likely to happen for a redundant multi-robot system. For an MSR 
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system, failure of a single module out of a large number of modules would not affect the overall 
system catastrophically. Fig. 1.3 presents a graphical representation of distances traveled by 
different robotic wheeled rovers. Although this is not proven yet, it can be hypothesized that 
traveling such long distances is possible by MSRs given that they can assume wheeled 
configurations to move quickly on easier terrains.   
 
Figure 1.3. Comparison of distances traveled by various robotic wheeled rovers in 
extraterrestrial surfaces. Image reproduced from the NASA image [22] to include only the robotic 
rovers.  
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A recent push from NASA encourages the development of a self-sustaining robotic 
ecology called Robosphere which has high potential for modular robot applications because of its 
sustainable autonomous nature. This type of ecology can aid in a safer transition from robotic to 
human exploration or colonization of a planetary environment because the robots will 
cooperatively perform infrastructure building for future human presence [23]. 
 
1.5 Self-healing in a modular robot system 
 An excellent feature of a modular robotic system is its ability of self-healing and self-
improving. Advanced MSRs can also possibly perform mutual healing [23]. A robot system 
capable of self-repairing must be equipped with necessary hardware and algorithms for detecting 
module damage and performing self-healing of the system [6].  In this dissertation, our focus will 
be on the hardware design, especially docking mechanism design and actuation / sensing 
strategies to perform self-healing.  
1.5.1 Motivation 
 Planetary explorations are extreme cases for a robot system because of inclement 
conditions and the lack of any human intervention, thus creating high chances to fail with little 
chance for maintenance. Now, self-healing for a single module may not be possible; rather in 
such a case, the robot might have software strategies to ignore the failed component and perform 
tasks that are possible in that condition. For example, if a module loses one DOF due to a motor 
failure, it may not be possible for the module to self-repair the motor. However, its software may 
allow itself to use the remaining DOF (if the robot has multiple DOF) to perform less complex 
tasks. In this dissertation, our focus will be the self-healing of the robot system, not that of the 
module. If an entire module fails, the robot system should still be capable of performing ignoring 
that module. If the other modules (most possibly due to their connectivity) are unable to perform 
due to the failure of discrete modules, the system cannot be sustained. Thus, we focus on 
14 
 
developing hardware for the robot modules so as to allow the entire robot system to perform self-
healing and self-improvement.  
1.5.2 Docking mechanisms state of the art 
There has been a significant amount of work on designing effective and efficient 
connectors. As all modular robots need a connector of some kind, modular robotics research 
includes connector design as well. Different docking mechanisms vary depending on the types 
and strategies of modular robot systems for which they were built. 
Early docking mechanisms were mainly based on mechanical locking. Polypod [24] by 
Yim et al., Metamorphic [25] by Chirikjian et al. and Crystalline [26] by Rus et al. are some of 
the early MSRs that used mechanical locking. These were generally based on combinations of 
male and female interfaces. This was also true for the MTRAN robots [27]. MTRAN II used a 
programming strategy in which the module faces with S-pole polarity will only connect to those 
with N-pole polarity and vice-versa. This robot used permanent magnets for attachment and 
actuated SMA coils for detachment. A similar idea was used for Telecube modules [28]. The 
primary problem with this design strategy was slow actuation; the SMA wires take a long time to 
cool down, which is essential to return them to their initial extended condition. Catoms [29] by 
Kirby et al. and later Molecubes [15] by Zykov et al. made use of electromagnets for docking. 
Electromagnets solve the difficult disconnection problem of permanent magnets but they can take 
up more space and electrical energy to operate. Gilpin et al. used a novel technique for connectors 
called electro-permanent magnets in their Robot Pebbles [30] in which two different types of 
magnetic materials were used with varying amounts of coercive force. This enabled connection 
and disconnection depending on the polarity of the supplied current. This system was more 
applicable using an external power supply operated centrally. In recent days mechanical 
connectors are coming back into favor because of strength and reliability. Some of the recent 
docking mechanisms use novel ideas to address many of the desired characteristics as pointed out 
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in the previous section. ATRON [31] by Ostergard et al., Roombot [32] by Sproewitz et al. and 
MTRAN III [12] by Kurokawa et al. used mechanical locking and latching by means of gear 
motors.  Our previous work on the ModRED robot [33] involved mechanical latching using a 
solenoid. However, to address the need for genderless and single-sided docking, we designed a 
new type of docking mechanism as presented in Chapter 4. The novel features of this docking 
mechanism are that it is independently actuated, single-side operable and capable of bearing large 
loads via mechanical locking.  
1.5.3 Self-healing capable docking mechanisms  
Genderless and hermaphroditic docking mechanisms are seeing more use recently 
because of some novel docking mechanism designs. A recent work by Davey et al. explains the 
use of ModLock [34] – a hermaphroditic connector having female-male-female connectors in 
which a single male connector can be connected through two female connectors. This connector 
is simple to operate but it is not actuated – i.e., it is manually operated. Genderless docking does 
not use any specific male-female combination. Our current work was inspired by the SINGO 
connector developed by Shen et al. [35]. This connector used a four-jaw chuck that could either 
hold another chuck inside it or its outer surfaces could provide space for another chuck to hold it 
inside. This would depend on the relative position of the two chucks. This connector meets many 
of the desired characteristics of a docking interface but it is still relatively slow. The average 
speed of the moving jaws is 1.0 mm/sec and the average time to establish a connection is 25 
seconds. Some of the quick single-sided docking / undocking capable robots used magnetic 
docking and mechanical undocking such as SMORES (using the rotation of the docking face 
actuated by a motor) [19] and M-Blocks (using impulse generated by an inertia drive) [17]. 
Magnetically docked robots have problems of disconnecting in higher force applications and high 
power usage for undocking (to overcome the magnetic attraction). Fig. 1.4 illustrates some of the 
mechanical locking docking mechanisms. 
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Figure 1.4. Different mechanical locking docking mechanisms: (a) MTRAN III [12], (b) 
ATRON [31] and (c) SINGO [35]. 
 
1.6 Modular robot locomotion gaits 
1.6.1 Motivation 
 Although wheeled locomotion is the most widely used method in planetary terrain 
traversal, bio-inspired and other compound locomotion gaits can offer even better performance 
because of the variability of terrain. Biological organisms have self-sustained on unstructured 
terrains quite efficiently using various locomotion gaits such as serpentine, worm-like and legged 
gaits. Modular robots can take this further by using the ability to reconfigure and thus apply 
various gaits for various terrain types and assigned tasks for the robot system. In this way, a robot 
system can sustain on a variety of terrains using the best possible performances (by choosing a 
specific gait) on a specific type of terrain. This will result in efficient power usage, better 
possibility to reach goals and to perform tasks which will eventually increase the longevity of the 
robots’ missions.  
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1.6.2 Related Work 
Early work on modular or cellular robotics began with the goal of utilizing its merits of 
being adaptable to variable environments [36]. This idea was utilized later on for generating 
various locomotion gaits using modular robotic systems such as PolyPod [10], PolyBot [37], 
YaMor [14], MTRAN [12], SuperBot [38]  robots etc. PolyPod demonstrated and simulated 
various gaits such as caterpillar, rolling track, three legged, as well as some sliding, turning and 
exotic gaits [10]. PolyBot was capable of generating rolling track, snake, earthworm and four 
legged spider-like gaits [37]. YaMor’s gaits also included rolling track (with six modules), snake-
like, worm-like gaits as well as some limbed and peculiar gaits [14]. MTRAN robots 
demonstrated a wide range of configurations as well as gaits such as various quadruped gaits, 
rolling track, snake-like, worm-like and many other peculiar gaits [12]. SuperBot also 
demonstrated such rolling track, snake-like, worm-like and limbed gaits, and some of these gaits 
were demonstrated on rough terrains [38].  
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Figure 1.5. Multiple gaits and configurations generated by SuperBot robot [38]. 
 
 Fig. 1.5 illustrates various gaits achieved by SuperBot robots. Yim proposed a multi-level 
taxonomy of locomotion gaits where he mentioned that a pre-requisite for sustainability of a 
modular robot system is stability [24]. Based on static stability criteria, a number of lower level 
gait types were proposed based on contact points, weight shifting and static equilibrium during 
motions. Shen et al. have also investigated modular robot locomotion gaits having a goal of 
building a self-sustaining robotic system to be able to use limited resources made available to it 
while accomplishing a large quantity/variety of tasks [39]. In this work, a classification of 
locomotion modes was presented based on several environmental parameters such as terrain 
slope, obstacles, as well as robot parameters such as requirement to take turns, energy, speed etc. 
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Thus, from both of these works, it is evident that after developing a modular robot system capable 
of multiple locomotion gaits, it is important to develop a classification or taxonomy so as to 
choose the most efficient gait during a specific phase of rough terrain traversal. In this 
dissertation, we have presented a number of demonstrated and proposed gaits using ModRED and 
the improved ModRED II robots which will be discussed in Chapter 5. An elementary gait 
classification was performed on the ModRED robot using a fuzzy logic controller which was 
discussed in [40]. In the next section, we will discuss another critical issue for a robot system’s 
sustainability – cooperative load transport – which is more common in nature than in robotic 
systems. 
 
1.7 Cooperative payload transport 
In nature, we observe a large number of instances where biological organisms perform 
cooperative load carrying activities, for example, ants carrying forage, termites carrying building 
materials etc. In addition to payload transportation, natural organisms exhibit cooperative 
behaviors for various other applications as well, which are worth mimicking in engineered 
systems because of their effectiveness and system robustness. In this section, we will discuss 
collective behavior observed in nature, how it was applied to some existing robot systems, 
followed by some specific instances of previous research where cooperative payload transport 
was performed using multiple robots. 
1.7.1 Motivation 
 In planetary missions, besides performing experiments on rock samples and atmosphere, 
the robots may have tasks to build infrastructure such as robotic outposts, habitats for future 
human explorations and colonization etc. To perform these larger tasks, the robots need to be 
capable of load transportation while avoiding stray rocks or obstacles on the surface. Now as this 
problem is quite similar to some cooperative behaviors demonstrated by natural organisms, we 
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may be able to mimic these behaviors to build a modular robotic system capable of performing 
like these natural systems. At this point, it is important to understand the system characteristics 
before implementation in real life. Thus, we perform simulations (Chapter 6) and analyze the 
results for system performance. 
1.7.2 Collective behavior in nature 
Collective behavior of insects and other creatures have been studied in detail by 
behavioral psychologists and naturalists for decades. Bonabeau et al. suggested that like the self-
organization in chemistry and physics, where microscopic processes give rise to macroscopic 
structures in out of equilibrium systems (due to fluctuations and randomness), collective activities 
performed by social insects result in complex spatiotemporal patterns. The authors presented 
some specific cases of self-organization such as foraging in ants and bees, construction activities 
by termites etc. [41]. Chase pointed out and discussed the non-cooperative behavior in animals 
alongside cooperative behavior based on common and conflicting interests in groups using a 
mathematical model derived from work in economics [42]. Zhang et al. used predictive 
mechanisms to understand how low-level individual intelligence and communication can lead to 
coordinated collective behaviors at higher levels for flocking / swarming in natural systems. The 
advantages of these simulated systems implied potential for application to industrial applications 
[43]. Apart from insects, Couzin and Krause performed a thorough investigation of the collective 
behavior in vertebrates [44]. An important aspect covered by their research was to explain group 
shape and motion which has direct interest with our application of biomimetics in cooperative 
payload transport. Neighbor location and velocity, keeping up with the group’s dynamics, 
recruitment mechanisms, position shifting of individuals etc. are some relevant highlights of their 
research. Another study on vertebrates was performed by Serra et al. that focused on investigating 
collective building in mammals – specifically for Mas spicilegus – a species of wild mice [45]. 
Troniello and Rosengaus performed a study on social insects that emphasized labor division [46]. 
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This type of behavior can be applied to a robot team to divide them into separate task-based 
teams. These divisions can have impact on the group decision making emerging from the identity 
of the group as well as the responses to changes in the group. In this context, Couzin attempted to 
decipher collective decision making in animals, demonstrating how adaptive responses are tuned 
in animal groups depending on various internal and external parameters [47]. Ants’ navigation 
technique was investigated by Srinivasan where the author pointed out some discrete snapshots of 
the environment that the ants remember during their navigation for foraging [48]. This technique 
reveals local or individual behavior of an ant that has potential to be mimicked in an ant-like 
robot. Bonabeau et al. studied ant colony communication networks and optimization for finding 
the shortest path to reach their goals, relating this to the Traveling Salesman Problem (TSP). The 
authors also pointed out the importance of ant colony behavior investigation in cooperative 
transport where swarm intelligence-inspired distributed control algorithms were referred for use 
in payload transport – more specifically, box pushing [49]. Other studies on some ant species 
reveal their cooperation and self-organization (army ants) [50] and individual load carrying 
dynamics and mechanical stability analysis (grass cutting ants) [51]. All these studies set the 
stage for possible ingredients to be added to design and develop an artificial robot society. These 
biological systems were only investigated recently but have been self-sustaining on Earth for 
quite a long time. The effectiveness and efficiency of these natural swarm systems are 
inspirations behind developing sustainable engineered systems.  
   
Figure 1.6. Collective transport in natural (left, center) and lab (right) environments [52]. 
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1.7.3 Bioinspired multi-robot systems 
Typically, bioinspired artificial systems are designed based on behaviors of some specific 
species of organism. As we discussed before, there are myriad of such organisms that exhibit 
collective behavior. Parunak did a study that exemplifies how to bridge the gap between a 
collective natural system and an artificial system. His step by step method first introduces the 
theoretical basis of natural agents with some examples such as foraging ants, mound building 
termites, moose-hunting wolves, flocking birds and fish schools. The next step is how to use this 
information to construct an engineered system. The study evaluated such a nature-inspired 
multiagent system to be applicable to unstable environments rather than stable ones because for 
the latter, task-specific centralized systems exhibit higher efficiency [53]. Berman et al. presented 
a multi-robot collective transport inspired by group retrieval techniques of aphaenogaster 
cockerelli ants. Their investigation was based on the elastic structure of the payload and the focus 
was on local activities of the ants in terms of applied forces to pull the payload [52]. Cao et al. 
presented a synthesis of theoretical basis to design cooperative mobile robotics. The study 
outlined some cooperative robotics strategies used before 1997 such as distributed artificial 
intelligence, biological analogies and distributed systems [54]. More works on collective robotics 
have been performed where robots’ clustering, foraging, cooperation and communication were 
demonstrated. Many of these systems used algorithms inspired by collective behaviors of ants, 
wasps, crickets and humans [55, 56, 57, 58, 59, 60, 61].  
 
1.7.4 Multi-robot box-pushing 
Fewer works have been done in the very specific application of cooperative transport 
using robots. Many of these implemented box-pushing approach using wheeled robots [62, 63, 
64, 65, 66, 67]. In [62], the robots were used to push square-shaped boxes whereas in [63] it was 
for circular boxes. In both [62] and [63], the robot controllers used back-off and reposition 
strategies for stagnation recovery which could possibly be applied for obstacle avoidance. 
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Khozaee and Ghaffari demonstrated simulating a multiagent system based box-pushing robot 
system where the robots used simple fuzzy logic based decision making as well as being payload 
shape independent [64]. Wang et al. proposed another box-pushing method but in this case the 
system was distributed rather than multiagent, as the agent autonomy was reduced greatly 
because of using a leader-follower system [65]. Rus et al. presented another method where the 
application was for rearranging furniture in a room using a team of cooperative box-pushing 
robots [66]. This study also demonstrated flexibility in terms of size or geometry of the furniture. 
Although it is often easier for robots to push objects rather than lift, this might not be applicable 
in the case of uneven surface applications. Chen presented a strategy of placing the robots in the 
side of the tall object to be pushed, that occludes the goal [67]. In this way, the robots always 
push the tall object towards the goal using a distributive control.  
 
1.7.5 Multi-robot payload transport 
Cooperative payload transport without pushing has been demonstrated mainly in three 
different approaches – first, exchanging an object using multiple manipulators [68, 69]; second, 
uplifting the object using multiple wheeled mobile robots followed by carrying it from one point 
to another [70, 71, 72, 73, 74] and finally, using unmanned aerial vehicles (UAV) to lift and carry 
an object collectively [75, 76]. The first approach is more suited for the case where the load is 
light enough for a single manipulator. This method does not exactly depict collective transport 
with mobile robots; rather it is more suited for stationary manipulators. Similarly, although UAVs 
are so far the best candidates for payload transport avoiding uncertain and unstructured ground 
environments, they have limited load-carrying capacity. In this study, we focus on the second 
approach, i.e., using multiple wheeled carrier robots to cooperate and transport the payload. 
Pereira et al. demonstrated a system of only two robots using a leader-follower approach rather 
than ensuring higher autonomy to each of the individual robot agents [70]. Stilwell and Bay took 
this further, simulating multiple robots (more than two) using this leader-follower strategy [72]. 
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Although Hou et al. presented object carrying using a multiple wheeled modular robot array, it 
was practically a larger robot (TricycleBot) formed by mechanical connection of the unit robot 
modules (Superbot) rather than being a swarm of robots [74]. In a more recent work, Ringold and 
Cipra proposed a wheeled robot system dividing the tasks into behavior-based lifting and 
artificial potential field-based navigation strategies including obstacle avoidance (see Fig. 1.7) 
[73]. Another multirobot system developed by Schenker et al. for cooperative load transport on 
Martian terrain demonstrated a distributed and behavior-based control architecture although the 
experiment was limited to only two robots [71]. 
 
 
Figure 1.7. Cooperative load transport and obstacle avoidance by a team of wheeled robots [73]. 
 
Having a larger number of robots is advantageous in a robot swarm to enhance 
reconfigurability or rearranging capacity which is necessary for uneven surface applications. In 
addition, this ensures a robust system where a failed or powerless robot does not affect the overall 
system to a significant extent. In our study in Chapter 6, we assume a wheeled robot system 
consisting of a large number of robots where the local as well as emergent global behaviors are 
designed using a hybrid bioinspired architecture. Our study is mostly inspired by the work of 
Ringold and Cipra on multi-robot navigation and obstacle avoidance [73] and by Parunak on 
designing an engineered multi-robot system while making use of bioinspiration [53]. The 
contribution of this study is to achieve and demonstrate a novel approach to solve the problem of 
multi-robot payload transport and obstacle avoidance while performing successful power and 
workforce management, which is necessary for developing a robust and sustainable robot system.  
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1.8 Obstacle traversal 
1.8.1 Motivation 
Modular robots have certain advantages over a conventional robot because they can 
separate, perform individual tasks, and then reconnect to perform more complicated tasks. This 
advantage makes this type of robots able to adapt to rough terrains and thus traverse obstacles. It 
is important to understand the impact of traversing obstacles for two reasons. First, it is not 
always possible to avoid the obstacle. Modular robots should be deployable into environments 
with unknown terrain. In a case of rocky terrain, it is nearly impossible to avoid all of the 
obstacles because in an attempt to avoid all obstacles, the modular robot may never end up 
accomplishing the task that it originally set out to perform. Second, the amount of energy that the 
robot consumes during its deployment directly relates to the amount of time that it can be 
deployed without human intervention.  Thus, we need to study and attempt to solve the problems 
of obstacle and rough terrain traversal using a modular robot system.  
1.8.2 Related work 
There is little work thus far in the management and optimization of energy consumption 
and obstacle traversal in modular robots. The most notable work comes from Yoshida [77] (Fig. 
1.8) who used a cost function to find a configuration where locomotion in the z-axis has low 
energy consumption. However, the main novelty presented was about automatically changing 
gaits within a configuration to achieve specific goals, and they did not analyze the height that can 
be achieved with that gait (relevant to overcoming an obstacle). 
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Figure 1.8. Obstacle traversal using MTRAN robots [77, 78]. 
 
Some researchers focus on managing the energy of the modular robots using abstract 
methods. For example, one method to overcome challenges of power consumption in modular 
robotics is to allow the modules to transfer power between them. Many researches have worked 
on this, including [28] where modular robots were developed which could form different 
configurations to transfer power between modules. Campbell’s design [79] works similarly, but 
they are able to also harvest energy from the environment. A second method for managing the 
energy consumption is to create a latching mechanism that consumes a minimal amount of power 
because of mechanically latching and thus not requiring power for applying holding force. Small 
obstacle traversal was addressed by Millibot [80] which was designed with a rubber tread 
allowing them to climb inclines or small obstacles. A recent work on the M-Blocks robot uses a 
momentum drive for modular robot locomotion, which offers a jumping movement capable of 
traversing over large obstacles [17]. In Chapter 7, we will present a modular robot design using 
this technology. In the next section, we briefly present the overview and scope of this thesis. 
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1.9 Overview and scope of the thesis 
 The core concept of this thesis is to investigate and develop some steps towards a 
sustainable modular robot ecology for planetary exploration. The previous work described in this 
chapter will guide us to accomplish our goals not only for the scope of this thesis but further 
beyond. There are a number of topics that need to undergo thorough research which could not be 
covered within the scope of this thesis. Some of these are: detailed analysis of load, balance, 
static and dynamic stability of modular robots and their gaits, terrain mapping and estimation, 
algorithms for cooperation, team building and disintegration of swarm robotic systems, docking / 
undocking tests for modular robots in rough terrain or under loaded conditions, experiments with 
modular robots performing bioinspired obstacle avoidance and load transport, just to name a few. 
These will be discussed in greater detail in the final chapter to guide future researchers. The scope 
of this thesis according to the chapters is as follows.  
 In Chapter 1, we discuss some basic concepts and work done on modular robotics and 
robotic planetary exploration. In this context, we also survey a significant amount of literature on 
bioinspired cooperative behavior in nature and in robotic systems. We also discuss self-healing 
and obstacle traversal in rough terrain conditions. 
 Chapter 2 presents the design and development of the ModRED robot system. It covers 
the detailed kinematic analysis of a robot module along with workspace and singularity analysis. 
The control architecture of the robot system is also explained. The chapter also presents 
comparisons of the ModRED system with some other MSRs.   
 Chapter 3 presents the detailed design for an improved module for ModRED called 
ModRED II. This chapter is based on the CAD rendering of various parts of a ModRED II 
module explaining the design details – specially focusing on how to make this robot suitable for a 
rugged rough terrain application. The core concept of ModRED II is to take this robot system 
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from the lab environment to outdoor deployment, which is an important step towards its possible 
planetary terrain deployment.   
 In Chapter 4, we present a novel docking mechanism necessary for the self-healing of a 
modular robot system. Experiments validate the mechanism’s capability to dock / undock in a 
single-sided manner which is essential for considering the non-functional modules in an MSR 
system. This consideration keeps the entire system functional and efficient despite individual 
module failures.  
 Locomotion gaits are important for modular robots to maneuver on planetary terrains for 
performing exploration and experimentation tasks. Chapter 5 presents some experimentally 
demonstrated and proposed locomotion gaits using ModRED and ModRED II robot modules.  
 In Chapter 6, we present computer simulations on a team of robots performing 
cooperative load transport while avoiding obstacles. Cooperative load transport is essential for a 
robot team to set up outposts and habitats for experimentation and future human presence. The 
algorithm applied to the simulation is based on a hybrid bioinspired behavior – that is, combining 
relevant behaviors of multiple organisms into a single algorithm. 
 A larger number of modular robots can possibly adapt to the rough terrain more 
effectively and thus, in Chapter 7, we present a theory on modular robot locomotion inspired by a 
liquid flowing on a rough terrain. We support our theory by a design proposition for a simple 
modular robot called LIMoRED. 
 Finally, in Chapter 8, we conclude the thesis and discuss its contributions and future 
directions based on this work. 
Fig. 1.9 illustrates the overview of this dissertation using a rendition of a planetary terrain 
with deployed modular robots. 
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Figure 1.9. Overview of the dissertation where modular robots are deployed in a virtual Martian 
terrain. The robots are performing locomotion and tasks to build infrastructure for future human 
exploration. The numbers in green circles indicate the chapters and corresponding topics.  
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Chapter 2: ModRED – a modular robot for exploration and discovery  
 
2.1 Introduction 
Modular Self-Reconfigurable Robots (MSRs) are systems which rely on modularity for 
maneuvering over unstructured terrains, while having the ability to complete multiple assigned 
functions in a distributed way. As we have already seen in Chapter 1, a number of modular robots 
were developed for rough and uncertain terrain traversal purposes. Farritor and Dubowsky 
developed a genetic algorithm based hierarchical selection process for developing a group of 
robots for planetary exploration [81]. A number of unit modular robot systems were also 
developed for exploration purposes such as PolyBot, SuperBot and YaMor [37, 82, 14]. A more 
detailed picture about the requirements of modular robots for space application purposes can be 
found in [5] where three desirable characteristics of a device intended for space missions were 
pointed out: (1) compactness and lightness, (2) robustness and (3) versatility and adaptability. 
The ModRED robot system also followed these characteristics as part of its design goals. The 
robot modules were designed considering the applicability issue (that is, being in line with the 
current state of the art) and a high degree of module autonomy and flexibility.   
This chapter focuses on the design of ModRED – a modular robot for exploration and 
discovery - with four degrees of freedom (DOF) per module with the goal of achieving higher 
workspace flexibility along with two docking mechanisms to be able to connect to other modules 
in chain-type (serial) configurations. To explain the working principle of the robot, forward 
kinematic transformations were derived and workspace and singularity analyses were performed.  
The design methodology included considerations for minimal space and weight as well as for 
fault tolerance. The chapter also presents comparison of ModRED with some other modular 
robots as well as a brief discussion about multiagent based programming strategies. 
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2.2 ModRED design strategies and kinematics 
To generate an improved MSR design and to build from previously designed robots, the 
following questions are of interest: 
• Can the number of actuated degrees of freedom (and hence the dexterity) be increased 
while maintaining low weight and low volume? 
• Can improvements in dexterity be shown to lead to improvements in the ability of the 
system to self-reconfigure and/or to achieve various forms of locomotion? 
• What are the optimal geometric parameters to maintain both high dexterity and low 
weight/size? 
• What is the minimum size/weight of actuators and power sources that can be used while 
still providing adequate driving forces/torques for the environment in which the system 
will be used? 
The analysis presented here represents a step towards answering some of these questions.  In 
particular, we focus on dexterity improvements and the associated kinematic analysis. The rest of 
this section describes various design features of ModRED. 
 
Figure 2.1. A simple CAD model of the ModRED robot showing the four (RRPR) degrees of 
freedom.  
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Fig. 2.1 shows a simple 3-D model for visualizing the robot module’s layout. The MSR 
module has five main components: two end-brackets where modules can interconnect and three 
central box-shaped sections housing motors, transmissions, circuit components and power supply. 
The two end brackets can rotate ±90º. The interface between the two central parts (twisting box 
and central box) incorporates a sliding DOF along their common axis of symmetry. A rotational 
DOF about that same axis is provided in the interface between the central box and the sliding box 
(the box at the bottom as in Fig. 2.1). 
 
The ModRED modules were designed to minimize mechanical complexity to help increase 
overall robustness, which is a key factor in space applications. The first prototype of ModRED 
was designed with two motors and two binary actuators (solenoids) to provide four degrees of 
freedom. This contained a chain-sprocket transmission and clutching mechanisms but had the 
limitation of not all DOFs being independent. The second prototype was implemented with all 4 
DOF independently actuated, and it was found through a simple torque analysis that the number 
of actuators and the overall weight and volume of the modules could be maintained while 
achieving the required dexterity. For weight and strength consideration, the modules’ bodies were 
fabricated out of 1.5 mm thick aluminum sheet metal. Each module of this MSR has four motors 
(three stepper gear-motors and one stepper linear actuator). In one module, the combined weight 
of the actuators is just above half of the overall weight of the module. The translational DOF is 
achieved by means of a linear actuator, which provides high force while remaining lightweight. 
Fig. 2.2 shows the motors and the initially developed docking mechanisms where this comparison 
can be visualized. 
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Figure 2.2. Scaled 3D CAD model of a single MSR module showing four motors for the four 
DOFs and initially developed docking mechanisms. Each module weighs approximately 6.5 lbs. 
 
The improvement in dexterity achieved could be reflected by the independent use of the 4 
DOF, which could offer possibilities of increased ability to self-reconfigure and perform 
locomotion or manipulation tasks. The length of the MSR module was minimized by 
accommodating the motors and transmissions for rotating the end-brackets in a plane 
perpendicular to the length of the module. For the central box motor, this design feature was not 
applied to avoid complex mechanisms which could affect the weight and robustness. 
 
The electronic components can be classified in three main groups – sensors, controls and 
power supply. Infrared proximity sensors (range: 4cm – 30cm) are provided to detect other 
modules or obstacles. A 9-DOF IMU module with compass, gyro and accelerometer is provided 
for navigation. XBee radio is provided for the modules to communicate among themselves 
(range: 120 m). The motors are controlled by an Arduino microcontroller via stepper motor driver 
circuits. The sensors and binary actuators were also controlled through the Arduino. 3.7 volt Li-
Po (lithium polymer) batteries are used to power the circuits and actuators. The mechanical 
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design of the MSR modules allowed enough space for all these electronic components so that the 
modules could operate independently and without being tethered.  
2.2.1 Forward kinematics and workspace analysis 
Forward kinematics analysis for a ModRED module was performed to find the position and 
orientation of one tip of the module relative to the other. Fig. 2.3 represents a schematic of the 4-
DOF module, where reference frames are attached to the joints and the two tips. Corresponding 
variable and fixed dimensions are also presented in the figure.  
 
Figure 2.3. Schematic of the kinematic components of a ModRED module. The dotted lines 
represent the side view of a physical module at its home position on which the kinematic 
components and frames are superimposed. The 3D image in the top left corner depicts an 
isometric view of the home position of a ModRED module.  
 
Based on Fig. 2.3, the transformation matrices (φi) for the joint variables (ϑ1, d, ϑ2 and ϑ3 
for joints 1, 2, 3 and 4 respectively) and the transformation matrices (Ti) for the rotation and 
translation of the frames were calculated. The combined transformation matrices (the product 
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φiTi, equivalent to Denavit-Hartenberg transformations) were obtained as follows (where cos ϑi 
values were presented as Ci and sin ϑi values as Si for the sake of brevity) –  
φ0T0 =  0 1  −1 0       0  0 0   0   0 0   0       1   0  0   1  
φ1T1 =  	
  0 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 −
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φ2T2 = 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 −		 −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The transformation matrix from frame 0 to 5 was obtained as follows: 
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Using the derived transformation matrix for one and two ModRED modules and the ranges of 
joint motions, approximate workspaces were plotted (see Fig. 2.4) to visualize the range of 
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motion that the robot could potentially achieve. With a single module as in Fig. 2.4(a), the 
workspace is approximated by a half-toroid. Adding one more module as depicted in Fig. 2.4(b) 
offers a much larger workspace with a near-spherical volume (excluding a small area near the 
fixed docking bracket). This indicates that dexterity and the potential for a variety of 
configurations increases quite rapidly with increasing numbers of modules; this constitutes one of 
the main advantages of this design compared to other MSRs. This is evident from Table 2.1 to be 
presented later, where we can observe that to attain a similar level of workspace (which is directly 
dependent on the available DOF), some of the existing robot modules having fewer DOF would 
be required to combine more modules together compared to ModRED. However, a module with a 
very high number of DOF will be inevitably complex and therefore undesirable. We use four 
DOF per module as an optimal available DOF to achieve superior workspace using a low number 
of modules while maintaining a moderate level of module complexity.     
         
(a) Single-module workspace.           (b) Double-module workspace. 
Figure 2.4. The (a) single- and (b) double-module configurations are pictured in green for a 
visual frame of reference, and the position workspace (one end fixed with the opposite end 
considered the end effector) is in gray. This is based on the range of motion of the joints 
(brackets’ rotation ±90°, axial twist unlimited in both directions, translation 0”- 0.8”). The 
translation DOF increases the workspace volume substantially (e.g., increasing the thickness of 
the half-toroid in (a)). 
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2.2.2 Singularity analysis 
From equation (1), the forward kinematics for each individual axis (from frame 0 to frame 5) was 
obtained as follows: 
0X5 = f (ϑ1, d, ϑ2, ϑ3) = (d + l1 + l2 + l3) C1 + l4 (C1S2 + C2C3S1) ...(2) 
0Y5 = f (ϑ1, d, ϑ2, ϑ3) = l0 + (d + l1 + l2 + l3) S1 + l4 (S1S3 - C1C2C3) ...(3) 
0Z5 = f (ϑ1, d, ϑ2, ϑ3) = - l4C3S2 ...(4) 
 
The 3×4 Jacobian matrix [27] was calculated from performing partial differentiations of these 
values from (2), (3) and (4) with respect to the joint variables ϑ1, d, ϑ2 and ϑ3.  
0J = 

 
  
   
    
    
 !""
"#
 
...(5) 
 
The Jacobian and its transpose (because of the asymmetry of the Jacobian) were 
multiplied to acquire a symmetric equivalent of the Jacobian, or pseudo-Jacobian. Equating the 
determinant of this resultant matrix to zero and finally numerically solving for the joint variables 
gave the singular positions in the joint space.    
det (0J.0JT) = 0 . ...(6) 
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Figure 2.5. Simulated singularity conditions of a ModRED module. The red dots represent the 
positions of the tip of the robot (that is, frame 5) that result in singular configurations with frame 
0 being fixed.  
 
As is seen from Fig. 2.5, the first case where the singularities occur is when the two end 
brackets’ axes are perpendicular to each other (the two smaller half circles). This happens when 
the twist DOF is actuated such that the value of ϑ2 is either 90º or 270º. The second case of 
singularity is when the two end bracket axes are parallel to each other and the free end bracket is 
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stretched forward, i.e., when ϑ3 is 90º. Both the singularity cases occur for all possible values of 
ϑ1 and d.   
2.2.3 Advantages of the translational DOF 
Although more prone to alignment, friction, and maintenance issues, translational 
(prismatic) DOF can offer additional advantages to an MSR module that cannot be achieved by 
rotary (revolute) DOF. Using a combination of rotary joints (such as parallel mechanisms) can 
result in translational movement but with added complexity in the system because of increased 
number of parts which is evident from the PolyBot robots [24]. The first and most obvious 
advantage of using a prismatic DOF is to increase the reach. This helps in achieving larger 
workspace [24, 83] as well as allowing single-module inchworm-type gait. Another advantage is 
that, once a module is in line with another module as in Fig. 2.6 (left), the linear translation will 
help the modules to perform docking. Also, with the new proposed multifaceted docking system, 
this linear movement will help modules’ docking faces to align properly and eventually interface 
with each other. These types of alignment issues are present for the current docking mechanism 
as well, when both the docking faces are connected to another module’s docking faces as can be 
seen in Fig. 2.6 (right). Such a configuration allows the upper module to reach some specimen or 
accomplish surveillance. The translational DOF will also help reaching and gripping specimens 
accurately once a gripper is attached to a module. This DOF will be advantageous in many other 
situations once the modules reconfigure and perform tasks collaboratively. Given all these 
advantages and assuming that the alignment, friction and maintenance issues can be overcome 
using self-aligning parts (such as bearings), we used a prismatic DOF per ModRED module 
alongside the three rotary DOF. 
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Figure 2.6. Left (top): Two modules arrived at a position aligned to each other but docking is not 
possible due to the distance between them; left (bottom) shows that connection can be achieved 
by extending the docking face using the prismatic joint actuation. Right: in the case of a module 
lifting up another module, small adjustments are required to align both the docking faces, which 
is achieved using the prismatic DOF. 
 
2.2.4 Advantages of a four-DOF module 
ModRED was designed as a four-DOF module and questions can be raised about 
choosing this specific number. Less mobile modules are simpler to operate and have fewer 
actuators, and thus the probability of failure is also low. However, simpler modules have less 
autonomy to maneuver on their own, and thus they are dependent upon other modules to form 
meta-modules to perform simple locomotion or manipulation. This necessitates docking 
operations between multiple modules, requiring additional time and power usage from the 
modules to move within close proximity of each other and to perform docking. Using a four-DOF 
module may save this time and energy by providing sufficient autonomy to a single module. Also, 
using a meta-module of only two ModRED modules can offer a fair amount of workspace and 
flexibility (as illustrated in 2.2.1). This is also true in terms of achieving locomotion gaits which 
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will be presented later in Chapter 5. A module having more than 4 DOF would increase the 
complexity of a module to a greater extent, and thus four was the chosen number for a ModRED 
module’s available DOF.  
In this section, we analyze the kinematic capabilities of ModRED by breaking the 
available four DOF into possible one-, two- and three-DOF hypothetical modules and then 
relating these to existing robot modules having identical DOF. Finally we present insights on 
what combinations of these lower-DOF modules can offer capability equal to that of a single 
ModRED module. Table 2.1 presents a graphical representation of these aspects.  
 
Table 2.1. Possible lower-DOF modules that can be used to construct a 4-DOF ModRED 
module. The circles represent rotary joints (pitch), circular arrows represent rotary joints (roll) 
and the parallel lines represent prismatic joints. 
4 DOF 3 DOF 2 DOF 1 DOF 
 
 
 
 
 
 
 
 
 
(4a) - RRPR 
 
[ModRED] 
 
 
 
 
 
 
 
 
 
 
 
(3a) - RRR 
 
[Superbot] [13] 
 
 
(3b) - RPR 
 
 
 
(3c) - RRP 
 
 
 
(3d) - RPR 
 
 
(2a) - RR 
 
[MTRAN] [78] 
 
(2b) - RR 
 
 
(2c) - RP 
 
 
(2d) - RR 
 
 
(2e) - PR 
 
 
(2f) - RP 
 
 
 
(1a) - R 
 
[YaMor, PolyBot, 
CkBot]  
[37, 84, 14] 
 
(1b) - R 
 
[YaMor, PolyBot, 
CkBot] 
 
(1c) - P 
 
 
 
(1d) - R 
 
[ATRON] [31] 
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 Table 2.1 suggests that to achieve dexterity equal to a ModRED module, multiple 
combinations of the lower-DOF modules can be used. All these combinations would require 
docking of at least two modules, which would increase the time and energy spent for 
reconfiguration, maneuvering and docking. Some of the lower-DOF modules have demonstrated 
excellent performance in the past; however, our focus here is to explore a high-dexterity module 
and using a number of such modules to achieve reconfiguration and locomotion while expending 
a reasonable amount of time and energy. The results of docking multiple lower-DOF modules to 
achieve a 4-DOF meta-module (with RRPR or three rotational and one prismatic DOF like 
ModRED) are presented in Table 2.2. 
 
Table 2.2. Combinations of lower DOF modules to build 4 DOF (RRPR) meta-modules. 
Component Modules Required Number of 
Docking Interfaces 
3(a) 1(c)   1 
3(b) 1(d)   1 
3(c) 1(a)   1 
3(c) 1(b)   1 
3(d) 1(a)   1 
3(d) 1(b)   1 
2(a) 2(f)   1 
2(b) 2(c)   1 
2(b) 2(e)   1 
2(c) 2(d)   1 
2(d) 2(e)   1 
2(a) 1(d) 1(c)  2 
2(b) 1(a) 1(c)  2 
2(b) 1(b) 1(c)  2 
2(c) 1(a) 1(d)  2 
2(c) 1(b) 1(d)  2 
2(d) 1(a) 1(c)  2 
2(d) 1(b) 1(c)  2 
2(e) 1(a) 1(d)  2 
2(e) 1(b) 1(d)  2 
2(f) 1(a) 1(b)  2 
1(a) 1(b) 1(c) 1(d) 3 
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 From Table 2.2, it is evident that to achieve dexterity equal to a ModRED module using 
one-, two- and three-DOF MSR modules, up to three docking interfaces are needed. All these 
combinations would require extra time and power consumption to reach up to that point whereas 
a ModRED module, although it cannot be decomposed into lower DOF component modules, is 
capable of performing certain locomotion and manipulation tasks without expending that extra 
amount of time or energy. 
 
2.3 Control and communication  
An MSR system requires electronics to control the maneuvering of individual modules as 
well as to sense the presence of other modules, exchange information and perform as an MSR 
system by generating multi-module gaits. As a distributed system, communication is extremely 
important for decision making and reconfiguration. ModRED modules use a microcontroller-
based computational approach to manage the output to actuators, input from sensors and the 
communication between modules. Fig. 2.7 presents a schematic of the electronic system for a 
module. 
 
 
Figure 2.7. Schematic of electronic hardware of a ModRED module. Yellow inner area: 
processing and control units; outer green area: contains sensors and actuators [85, 86]. 
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For computation and control purposes, an Arduino Fio (ATmega328P) microcontroller is used 
for each module, characterized by 8 MHz clock speed, 1 kB of EEPROM and 32 kB of flash 
memory. Eight analog input pins and 14 digital I/O pins are available with an operating voltage of 
3.3 V. Supply voltage is permitted from 3.35 V to 12 V. Lithium-polymer rechargeable batteries 
(3.7 V, 1000 mAh) are used as a power supply. These batteries are lightweight and compact, 
appropriate for use in a mobile robot. Each of the robot modules is actuated by four bipolar, 4-
wire stepper motors of which 3 are rotary steppers with gearbox reduction of 60:1 and step-angle 
of 1.8º. The other motor is a linear stepper actuator with 0.0417 mm of travel per step. To control 
these motors, stepper motor drivers are used, which require high/low pulses from the 
microcontroller to change the direction of rotation and a PWM input to energize the coils for 
running the motors. The drivers are capable of supplying up to 750 mA per phase and provide 
permanent 8-step microstepping. We used stepper motors to ensure sufficient accuracy for the 
robot’s movements as we did not use any encoder feedback for this prototype. For the docking 
mechanism, latching solenoids are used to minimize power drawn. With 12 V supply, the 
solenoid latches and maintains its position without any power supply thereafter. To open the 
latch, a reverse voltage of 6.5-8.5 V is required which activates a spring to take the solenoid back 
to its original position. To supply bidirectional voltage to the solenoids, L298N H-bridges are 
used. Table 2.3 summarizes some important aspects of the hardware architecture for a ModRED 
module. 
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Table 2.3. Some important hardware features of a ModRED module. 
Computation Arduino Fio (Atmel ATmega328P) 
Communication Wireless – 2.4 GHz RF (120 m range) 
Sensors Infrared (range: 4-30 cm, one sensor mounted on the front face of each of the 
two docking plates, two more mounted on the two sides of the central 
segment) 
Tilt switch (mercury based, one sensor mounted inside each module)  
Bump switch (one sensor mounted on the front face of each of the two 
docking plates) 
Navigation Hitachi HM55B compass module (6 bit, dual axis, one sensor per module) 
Power  Lithium-polymer battery 
Motor Bipolar 4-wire stepper  
 
Sensing is required for an MSR module to locate another module and to find the 
interfacing orientation properly for docking. First, the module detects another module using 
proximity sensors, and then to ensure proper interfacing, a tactile (bump) sensor or a combination 
of tactile and proximity sensors is needed. The robot modules are equipped with two infrared (IR) 
sensors for proximity sensing, with a range of 4-30 cm and a calibrated output analog voltage of 
2.5-0.4 V. To ensure successful docking, bump switches are incorporated in the front face of the 
docking bracket. These sensors can also be used for obstacle detection purposes. For navigation, a 
6-bit dual axis Hitachi HM55B compass module is used. This sensor is capable of detecting 
biaxial direction with a resolution of 64 directions (increments of 5.625 degrees). This sensor is 
suited for use on Earth; however, for an extraterrestrial deployment, the device needs to be 
calibrated for the magnetic field of the planet / moon in consideration. For navigating through 
unstructured environments, varying elevation is another important parameter.  We use a simple 
mercury-based tilt switch for preliminary detection of the inclination information of the robot 
module. The application of the sensors and navigation system can be visualized in Fig. 2.8. This 
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shows an unstructured surface where two modules are navigating, sensing each other and 
identifying forward or backward inclination. 
 
 
Figure 2.8. Two ModRED modules maneuvering through unstructured terrain. The robot 
modules communicate and sense using the various sensors provided. 
 
The wireless communication is achieved using an XBee modem that can be connected 
directly to the Arduino Fio microcontroller board. The microcontroller reads the RF input as 
serial data. The XBee modem includes a chip antenna of 2.4 GHz RF and 120 m (unobstructed) 
range with low (1 mW) transmitting power. 
 
2.4 Multiagent systems-based programming 
A multiagent system is a system with an environment and some interacting agents where 
the agents perceive information from/about the environment and act on it based on distributive 
processing within the agents. Such a system is unlike a centralized system where decisions are 
made mostly in a hierarchical basis. In a multiagent system, each of the agents is a comparatively 
simple entity compared to a complex centralized system; however, as the local agents perform 
their individual tasks, they emerge as a complex global system which has higher robustness, 
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flexibility and adaptability than its centralized or hierarchical counterpart which can be vulnerable 
to major failures due to small numbers of damaged nodes in the system. These are very desirable 
characteristics for a modular robot system to perform tasks over an extended period in a planetary 
environment staying away from any human intervention. A simple example of such a system is an 
ant colony where there is no certain leader in the system; rather, the ants work in a distributed 
manner. Thus, the simple tasks of load carrying and path following etc. performed by the 
individual ants result in the building of a giant ant colony while the system emerges from local to 
global scale. This system has a high degree of robustness – if a few ants die or are injured, that 
has a negligible effect on the entire system because of the distributed nature of the system. The 
system can be small enough (as small as the weight of a single ant) to work on delicate structures 
or maneuver on light-weight structures such as small leaves; also it can be large enough to form 
ant-bridges to maneuver between large gaps that are impassable for a single ant. Even connected 
cooperation of a large number of ants can form raft-like structures to float and maneuver on 
flowing water [87].   
For its distributed nature and unstructured terrain application, the ModRED robot system 
was programmed using multiagent systems based algorithms. In an earlier work on ModRED, 
theoretical aspects were explained about applying such algorithms for the specific planetary 
exploration application [88]. This work was based on a game theoretic approach of a cooperative 
robot system performing locomotion and reconfiguration in a rough terrain environment. It 
contributed by combining principles from human coalition formation with dynamic self-
reconfiguration and modeling uncertainty in coalition games using Markov Decision Process. 
Recent work on ModRED used a graph clustering approach for coalition formation of the robot 
modules which included a penalty-based approach of finding optimal coalition structure. The goal 
was to minimize penalty or cost of the formation of a coalition structure [40]. This work made it 
possible to solve the problem of coalition formation in polynomial time. Additional work was 
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performed on improving the efficiency of dealing with uncertainty in robots’ dynamic self-
reconfiguration using a novel data structure called an uncertain coalition structure graph (UCSG) 
[89]. Here, a search algorithm was developed called SearchUCSG that used the node-pruning 
technique using a modified branch-and-bound technique. Interested readers are encouraged to 
refer to [90] to learn more about multiagent systems – especially cooperative game theory and 
coalition formation.  
 
2.5 Summary of ModRED 
ModRED was developed as a dexterous modular robot where a small number of modules 
(and thus less inter-module docking) can possibly generate quite complex reconfiguration and 
locomotion gaits. For proof of concept, initially two modules were developed and lab 
experiments were performed to validate its capabilities. The basic features of ModRED can be 
visualized from Table 2.4. 
 
Table 2.4. Some significant design features of a ModRED module. 
Size (inches) 14.5 × 4.5 × 4.7 
Weight (lbs) 6.5 
Primary Material Aluminum (3003 alloy) 
DOF 4 (RRPR, independent DOF) 
Actuators 4 (3 bipolar steppers, 1 linear stepper)  
Number of Docking Faces 2  
Type of Docking Mechanical latching by solenoid 
Type of the System Chain 
Dimension  3D 
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Further design improvements were implemented in a second version of ModRED called 
ModRED II having a lightweight design, higher sensing capability, multifaceted docking and 
enhanced processing power; this will be discussed in Chapter 3. 
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Chapter 3: ModRED II for an enhanced robot-terrain interaction 
 
3.1 Introduction 
As our ultimate goal is to develop a modular robot system for extra-terrestrial field 
exploration, we had to enhance and equip our initially developed ModRED bench-top prototype 
to be able to overcome the challenges that are common in such environments. Terrain roughness 
dramatically changes the requirements for the robots – mostly resulting in complexity and thus 
increased weight and size of a robot module. Our goal was to keep the size of the new version 
similar to the earlier version while significantly reducing the module weight. This would result in 
an enhanced capability of the robot modules to sustain larger and more varied configurations, and 
achieve easier reconfiguration and locomotion. 
In this chapter, we discuss design strategies for developing a highly capable ModRED II 
robot. We begin with the design challenges and goals for making the robots deployable in an 
unstructured terrain environment. Then we present the design specifics such as using series elastic 
actuators, modular design strategy, design for assembly and accessibility, design for field 
applications and multifaceted docking. Finally we present the perception and control mechanisms 
followed by a summary of the overall robot module design.      
 
3.2 ModRED II design strategies 
To recap from the previous chapter, the first version of ModRED was a 4 degree of freedom 
(DOF) robot with three rotational and one prismatic (RRPR) DOFs. It was actuated by stepper 
motors and included two genderless, single sided docking mechanisms to connect to other 
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modules in chain configurations. The robot body was fabricated mostly out of aluminum sheet 
metal. 
After experimenting with this proof-of-concept version, the new version of ModRED was 
designed with improvements. The first version was basically a prototype to perform 
experimentation with its actuation capabilities. Also, after these experiments, we identified some 
problems that needed to be overcome before deploying the robots in a rough terrain environment. 
These points are listed as –  
• Heavy modules: Version 1 was highly overdesigned and included heavy stepper motors 
with metal gearboxes. Abundance of metal (aluminum and steel) was another good 
reason behind having such heavy weight. A single module weighed 6.5 lbs (see Table 
2.3) even without the sensors and battery. 
• Lack of sensing capability: ModRED robots were experimented and equipped with IMU 
sensors, however, although proposed, the modules were not designed to accommodate 
infrared range finders. Moreover, for rough terrain applications, camera vision or 
LASER sensors (such as LIDAR) are proven to be more effective. But these were not 
part of the robot module.    
• Only two docking faces: Having only two docking faces allows the robots to acquire only 
chain configurations. A multifaceted module would enable the robot system to have a 
number of hybrid configurations which would allow the system to maneuver with 
various advanced gaits.  
• Insufficient processor: Rough terrain traversal involves a great deal of processing for the 
perception of the environment as well as for maintaining feedback to the actuators based 
on that. The first version was controlled by Arduino microcontroller having insufficient 
processing power to handle complex systems.  
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• Wiring complexity: The actuator-wires and control circuit wires were not arranged well 
enough to handle the high end actuator rotations. Also, with the integration of the 
sensors, this would become a major issue to address in the improved module. 
• Accessibility for maintenance: Version 1 was built with aluminum sheet metal parts that 
consisted of mutual inter-dependence in terms of the attachment of other parts in them. 
For example, to open up the central segment for performing maintenance of the circuits 
and motor attachment, a sheet metal part was needed to be detached. But this part housed 
the guide for the linear DOF which was again attached to a different segment, thus 
causing the trouble of having interdependent parts. This was needed to be decoupled for 
easy maintenance. 
• Shock resistance: As rough terrain traversal involves uncertainty in terms of 
environmental conditions (with a limited sensing capability), the robot modules are 
required to be able to absorb some amount of shock. This would allow the actuator 
system to work robustly over an extended period of usage. Version 1 did not have this 
capability and thus, it was needed to be added in the improved version. 
Additional motivations for an improved module design can be found from the functional 
requirements for the ModRED II robot system listed in Table 3.1. The design parameters were 
carefully selected based on these requirements.  
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Table 3.1. Functional requirements for the ModRED II robot system. 
Motivation (System Level) Functional Requirements (Module Level) 
Easy self-reconfiguration and 
locomotion 
High torque to weight ratio actuation at the available DOF 
Reduced weight of the components and body 
Generation of a large number of 
locomotion gaits and configurations 
Multifaceted docking capability  
Ability of locomotion on rough 
terrain surfaces 
Shock absorption capable motors and structure 
Ability to perceive rough terrains Advanced sensing and computation capability 
Remaining functional in rugged 
and dusty environments 
Proper sealing of the modules’ inner components from the 
outside environment 
 
Based on this feedback, a major change in design strategies followed to develop ModRED II. 
First of all, to better deal with the rough terrain, series elastic actuators were included in the 
design. A detailed design, development and experimentation for these actuators are presented in 
the first subsection. The second subsection covers the design strategies for weight reduction of 
the modules as compared to the previous prototype. The following subsections cover the ease of 
maintenance issue taken into account and the addition of two more docking faces respectively.  
3.2.1 Series elastic actuators 
Series elastic actuators (SEA) were developed in the 1990s to devise an inexpensive and 
shock load protected force feedback system [91]. Since then, these have found a number of 
applications in robotics – especially in dealing with uncertain environments such as rough terrain 
traversal [92] and human-robot interaction [93]. An SEA consists of an actuator coupled with an 
elastic element in series along with a displacement measuring sensor. As the actuator force (or 
torque) is transferred to the elastic element, it undergoes displacement which is measured by the 
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sensor. This displacement data is calibrated to represent the associated force (or torque) exerted 
by the actuator.  
 
Figure 3.1. CAD rendering of the series elastic actuator used to provide rotary actuation to the 
end brackets. Isometric view showing the servo motor coupled to a metal bracket and a rotary 
potentiometer (left). Front view showing the motor shaft and the linear metal springs. 
 
In our system, due to space constraints and design limitations, we followed a novel 
technique of using this series elasticity and its measurement. In general, we relied on the reaction 
force exerted by the stator of the motor (or the body of the hobby servo) instead of the typical 
application where the series elastic element is attached with the rotor. In our design, the rotor side 
did not have enough space to insert an elastic element and sensor. As Fig. 3.1 suggests, the box-
shaped hobby servo motor was constrained in such a way so that the motor body could only rotate 
about the rotor axis while remaining stationary for displacements along all the axes and for 
rotations about the remaining two axes. Two linear compression springs were attached at a 
distance from the motor shaft on either side of the motor body along the YY1 axis as depicted in 
Fig. 3.1. A clockwise rotation of the loaded servo rotor generates a counter clockwise rotation of 
the stator or motor body. This creates a torque from the shaft along the Y1Y (upwards) – the 
force, F being along the Y1Y direction. This reaction force experienced in the spring is 
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proportional to the rotation of the motor body which is measured using a rotary displacement 
measurement sensor, in this figure, a potentiometer. For a counter clockwise rotation of the motor 
shaft, this force is applied on the spring at the bottom, that is, along the YY1 direction and 
similarly the rotary displacement is measured.  
The rotation recorded at the sensor is directly translated to force using Hooke’s law for 
the given spring constant as follows –  
F = kx 
where F is the force exerted on the spring, k is the spring constant and x is the linear 
displacement along the YY1 axis. x is found from the rotation recorded in the sensor and using the 
following equation –  
x = L tanϑ 
where L is the shortest distance of  the YY1 from motor shaft axis and ϑ is the angle 
measured by the sensor. Fig. 3.2 explains this using trigonometry. Here, we assume that for small 
values of ϑ, the chord X1X2 is a straight line and the YY1 axis remains stationary (in reality, there 
will be a rotation of the YY1 axis about point X1 which will create slight eccentric bending of the 
springs). Thus, as a result of the rotation of the rectangular servo motor about point X (top view 
of the motor shaft axis), the XX1 axis will rotate through an angle ϑ to move to the XX2 position.  
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Figure 3.2. Schematic of the series elastic actuator with trigonometric explanation. 
 
Now, from these relations, we know of the ratio of rotary displacement to torque applied 
by the motor. Thus, the simple displacement sensor works as a force sensor when properly 
calibrated. In addition to this, the linear spring acts as a shock absorber. As the robot maneuvers 
over uncertain terrain, it might frequently experience unexpected loading on the motors. A rigidly 
attached motor would take most of its load on the motor’s bearing which would reduce the 
bearing life and might affect the motor’s effectiveness over extended usage. Battery life would 
also be affected due to more frequent operation outside the most efficient motor loading 
conditions. So, our system with SEA attached to the motors would allow the robots to be more 
robust over a long period of time.  
3.2.2 Modular Design 
Each of the ModRED II modular robot modules were designed with nested modularity at 
the subassembly level. The principle of modularity in the overall robot system offers multiple 
benefits such as flexibility, interchangeability, ease of manufacturing and assembly etc., and at 
the subassembly level, they remain similar. As we can see in Fig. 3.3, some of the major 
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subassembly level components were modular in nature. The series elastic actuator comprising a 
servo motor coupled with a potentiometer and a linear spring series elastic element was used in 
two incidents for providing rotary actuation to the two end brackets. The two end brackets were 
also modular and thus interchangeable. The RoGenSiD docking mechanism was used in four 
different faces of the robot module and the servo motor-potentiometer-linear springs series elastic 
actuator (using smaller servo motors) was also used in all the instances with these docking 
connections.   
 
Figure 3.3. Subassembly level modular design in ModRED II. These subassemblies are the major 
components of the robot module including all two rotary DOF and four docking  
mechanisms. 
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At the component level, identical and interchangeable parts were extensively used – such 
as fasteners (used only 4-40 and 2-56 standard fasteners), servo motors (four each, two types of 
servos), sensors (four infrared sensors, four cameras) and electrical connectors.  
3.2.3 Design for assembly and accessibility 
For easy assembly of the components and accessibility for maintenance, a three-part 
housing approach was followed. Design inspiration for such an approach was taken from the 
housing design for modular snake robots by Wright et al [94]. The housing parts included 
complicated shapes and also, comprised a large fraction of the overall module weight. Thus, 3D 
printed plastic was the proposed material and method of fabrication. This would result in cost 
effective manufacturing and light-weight components for the robot module. 
 
Figure 3.4. Exploded and assembled views of the rotary segment. Three plastic housings were 
designed for easy assembly and maintenance of the components inside. The turntable was 
provided for radial support.  
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From Figs. 3.4 and 3.5, the central housings contained the majority of the components, 
the bottom parts acted mostly as the bases and the top housings as caps. Now, all the components 
were rigidly attached to their respective positions in the housing as the orientations will be flipped 
for some configurations and locomotion stages of the robot. However, during maintenance, the 
robot will be stationary and thus, the top housing will act as a top lid.  
 
Figure 3.5. Exploded view of the central segment showing the components inside. The bottom 
housing contains the Li-ion batteries and a linear bearing. Central housing contains the series 
elastic actuator, ACME nut for the lead screw in the linear segment, another linear bearing and 
the electronic components. A battery window is provided for easy replacing of the batteries. The 
top lid and the battery window lid complete the assembly and protect the components from dust. 
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As we can see from Fig. 3.5, the bottom housing contained a space for housing two Li-
ion batteries to power the module. These can be easily attached to the housing using Velcro 
support. A dedicated battery window was provided so that frequent maintenance and changes of 
batteries can be done.   
 
Figure 3.6. The end bracket and a plug and play docking mechanism. 
 
Now Fig. 3.6 suggests that the docking mechanisms can be used as plug-and-play 
devices. This would improve the wiring and would not need any manual attachment of connectors 
after bolting the docking mechanism in the housing. Spring-loaded connectors on the docking 
mechanism side and copper connector plates on the housing side made this possible. A similar 
strategy was followed in the central segment housing to accommodate the two docking 
mechanisms facing sideways. 
3.2.4 Design for field applications 
Rough terrain deployment requires the robot actuators to cope with the uncertain 
behaviors due to the complexity of the environment. Design and implementation of series elastic 
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actuators was a big motivation behind this. In addition, the perception and control architecture 
included features to generate better inputs from the environment. Besides coping with the surface 
roughness, field applications pose additional challenges such as limited power supply, GPS 
denied environment (at present only earth is equipped with GPS facilities) and exposure to dirt. 
As the ModRED II module is made of multiple segments and housing parts, any 
significant crevices and gaps should be covered to protect the inner machinery from dust. 
Extraterrestrial environments such as the Martian soil and Lunar regolith can be fine enough to 
penetrate through the gaps and damage the machinery and circuitry. The ModRED II design 
included the use of O-rings in multiple instances to protect the modules against dust. For better 
abrasion resistance, Buna-N O-rings are proposed. However, this material can operate from -20oF 
to 212oF temperature range which is not suitable for the temperature ranges in Mars (-125oF to 
23oF), Earth’s Moon (-387oF to 253oF), International Space Station (-250oF to 250oF) and many 
other extraterrestrial bodies having orbits farther from Earth or lacking an atmosphere in general 
[95, 96]. Silicone O-rings have better temperature properties (-60oF to 400oF) but have poor 
abrasion resistance. Thus, for experimental purposes, we chose to use Buna-N O-rings as 
sealants. The body components of ModRED II are proposed to be fabricated from ABS plastic as 
the prototypes will be made using 3D printing. ABS plastic can be operable within a range of 
50oF to 140oF. So, for prototypes deployable to extraterrestrial environments, the parts can be 
injection molded out of plastics that can be operable in much larger temperature ranges (such as 
Rexolite polystyrene which is operable from -75oF to 212oF).  As the linear segment exposes a 
large area when it extends, thin rubber sheets can be used to provide it with necessary protection 
against dirt. The sealed robot modules will be tested in an artificial Mars yard built to carry out 
rough terrain experiments.    
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3.2.5 Multifaceted docking 
The capability of multifaceted docking introduces a new dimension to a modular robot. 
Having only end connectors, the robots can only form chains and loops of different sizes and 
complicated shapes remain unexplored. Now, hybrid configurations will allow more stable 
locomotion (such as four or six legged, double roller track etc.) and will eventually allow higher 
sustainability for the robot system. This is because the stability of gaits and configurations will 
improve their task completion efficiency. Also, lattice configurations of modular robots provide 
easier reconfigurations than chain configurations. Thus, multifaceted docking will provide the 
possibility of better reconfiguration when used in lattice configuration and easier locomotion 
when used in chain configuration (although more advanced and well-balanced locomotion will be 
possible with the hybrid configurations).   
 
Figure 3.7. Four plug and play docking mechanisms can be connected to a ModRED module.  
 
63 
 
As illustrated in Fig. 3.7, ModRED II was designed to house four docking mechanisms. 
The modularity of these docking mechanisms was discussed in 3.2.2 and the detailed design with 
its genderless and self-healing capable operation will be discussed in the next chapter.  Also, 
Chapter 5 will cover some of the possible gaits using this multifaceted feature of ModRED II.   
 
3.3 Perception and Control  
ModRED II modules were designed to be equipped with upgraded perception and control 
architecture compared to the first version. Various experiments performed on the first version’s 
control electronics led to the decision of choosing this upgraded architecture.   
 
Figure 3.8. A transparent view of the central segment showing the electronic components of 
ModRED II. 
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Fig. 3.8 illustrates most of the electronic components of ModRED II. The CPU of the 
robot is changed from an Arduino microcontroller to a Texas Instruments Beaglebone Black® 
ARM Linux single board computer. This computer has a 1 GHz ARM Cortex-A8 CPU (also 
PowerVR SGX530 GPU) with 512 MB DDR3 memory and USB 2.0 ports (one type A host port, 
one mini client port). The most advantageous feature is probably the credit card size (86.40mm × 
53.30 mm) and low weight (39.68 g) for such a significant computation power. As Arduino’s 
limited processing capability was impeding the usage of processor-intensive computation for 
sensing, we decided to use a more powerful CPU for the robot. At this point, we have explored 
another ARM Linux single board computer, Raspberry Pi, which has comparable properties with 
Beaglebone Black. However, as Beaglebone Black is more suitable for embedded applications, 
we decided to use this in our improved robot module. Table 3.2 presents a comparison of some 
relevant features between the two computers –  
Table 3.2. Comparison between Raspberry Pi and Beaglebone Black computers. 
Features Raspberry Pi (model B, 2012) Beaglebone Black (2013) 
CPU 700 MHz ARM1176JZF-S core 1 GHz ARM Cortex-A8 
Memory 512 MB (shared with GPU) 512 MB DDR3  
USB 2.0 ports 2 (via 3-port integrated USB 
hub) 
2 (one type A host port, one 
mini client port) 
Outputs 8× GPIO, UART, I²C bus, SPI b
us with two chip selects, +3.3 V, 
+5 V, ground 
4x UART, 8x PWM, 
 LCD, GPMC, MMC1, 2x SPI, 
2x I²C, A/D Converter, 2x CAN 
Bus, 4 Timers, total 2x 46 pin 
headers 
 
Power source, rating 5 Volt, 700 mA (3.5 W) 5 Volt, 210-460 mA 
Size, weight 85.60 mm × 53.98 mm, 45 g 86.40mm × 53.30 mm, 39.68 g 
   
65 
 
Also seen from Fig. 3.8, an XBee radio module was included in the design for wireless 
communication. The servo motor controller was used to control the eight servo motors in the 
system. A 9 DOF inertial measurement unit (IMU) was also included in the system to find 
direction, acceleration and tilt. This would be used mostly for a long distance sensing (by sharing 
one robot’s IMU data with another distant robot via the XBee). For shorter distance sensing and 
obstacle avoidance, four infrared range finders were attached next to each of the docking faces. 
Once close by, to identify the docking faces, four miniature camera modules (each next to a 
docking face) were provided. This would use feature recognition and use the information to align 
the docking faces. 
The slip ring (12 wires, from Adafruit Industries) was provided to solve the wiring 
problem that was experienced in version 1 of ModRED. Specially, this will allow the module to 
use its continuous twist DOF without tangling the wires. For power supply of the module, two 3.7 
Volt, 4400 mAh rechargeable Lithium-ion batteries (18650 standard) were used. The first version 
used Lithium-polymer (Li-Po) batteries which is lightweight but has a poorer safety compared to 
Li-ion batteries. As our goal is to establish a robust and sustainable robot system being 
completely away from any human intervention, a safer and reliable power supply is imperative. 
That was the motivation behind choosing Li-ion batteries over Li-Po. The top face of the central 
segment can house thin solar cells which can provide slow and extended charging for these 
batteries. A studied off the shelf solar cell combination (fitting the top surface of the top housing 
of the central segment) can supply up to 300 mA current which will take several hours to 
completely charge the two batteries. As solar power is readily available with sufficient strength in 
Mars and Earth’s Moon, this can provide a long term power source for the recharging of the 
batteries.        
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3.4 Overall design of a module 
Combining all the features discussed in the preceding sections, five main subassemblies 
or ‘segments’ were designed to join together to result in a complete ModRED II module. Fig. 3.9 
illustrates the five segments – these are the two end brackets (with a docking mechanism attached 
to each), a central segment (houses a servo series elastic actuator that rotates an end bracket, also 
provides space for the linear segment), a linear segment (houses a servo motor that moves the 
segment linearly about the central segment) and a rotary segment (with a servo series elastic 
actuator that rotates an end bracket and a servo motor that rotates this segment around the linear 
segment via a single stage gear reduction). 
 
Figure 3.9. An exploded view of the five major segments of ModRED II. 
 
Now let us get detail the four DOF provided by means of these five segments. One end 
bracket rotates ± 90º about the central segment, and another does the same with respect to the 
rotary segment. The rotary segment rotates continuously about the linear segment and the linear 
segment provides a linear DOF along (in and out of) the central segment with a range of 0 to 1.57 
inch.  
 
67 
 
 
Figure 3.10. (a) Rotation mechanism for the twist DOF and (b) rotation mechanism for the end 
brackets. 
 
Fig. 3.10 (a) illustrates the working principle of the twist DOF. As the servo motor shaft 
rotates, the smaller planet gear rotates around the larger sun gear attached to the linear segment. 
The turntable bearing provides a radial support between the two segments. This sun-planet gear 
rotation creates a relative rotation of the entire rotary segment about the stationary linear segment. 
A 5:2 gear ratio was proposed in the design which will enhance the torque capacity for this twist 
DOF. Fig. 3.10 (b) represents the CAD design for the rotary mechanism for one of the end 
brackets. Here, the servo series elastic actuator inside the rotary segment rotates the end bracket 
via the aluminum link.   
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Figure 3.11. A transparent view of the central segment (top lid taken off) showing the linear 
travel mechanism for the inner linear segment about the central segment.  
 
Fig. 3.11 presents a detailed illustration of the working principle of the linear travel 
mechanism. Like the previous version of ModRED, this also uses a lead screw to convert rotary 
motion of the motor to linear motion. As the servo motor shaft rotates, the lead screw also rotates 
and moves through the ACME nut. The linear segment, supported by two aluminum guide rods 
moves axially through two linear bearings attached to the central segment as a result of this nut-
lead screw relative displacement. This actuation can provide up to 1.57 inches of linear travel 
between the linear and central segments. This travel range is more than adequate to perform 
docking and undocking to other modules.  
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Figure 3.12. CAD rendering of a complete ModRED II module along with its dimensions and the 
four degrees of freedom. The two end brackets have ±90º rotary DOF; the rotary segment has a 
continuous bidirectional twist DOF about the linear segment and the linear segment has a 0-1.57 
in linear displacement range about the central segment.      
 
Finally, Fig. 3.12 presents the complete CAD rendering of the ModRED II module. It 
also shows the four DOF and basic dimensions of the module. The length of the module increased 
by 0.3 inch as compared to ModRED version 1 whereas the linear travel almost doubled in the 
new version. The other two dimensions remained similar in both the versions. The previous 
module was 6.5 lbs without any battery and the new module is estimated to be about 4 lbs with all 
the necessary components. Although being of almost the same size, the new module includes 
longer linear travel, enhanced control architecture and perception and a reduced weight. 
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3.5 Summary of ModRED II 
Table 3.3. Features and hardware of a ModRED II module comparing with the older version. 
Features ModRED II ModRED 
Appearance  
 
 
 
Basic Features 
Size (inches) 14.85 × 4.5 × 4.5 14.5 × 4.5 × 4.7 
Weight (lbs) 4.0 6.5 
Housing 
Material 
ABS plastic Aluminum sheet metal (1.5 mm) 
DOF 4 (RRPR, independent DOF). 4 (RRPR, independent DOF). 
Actuators 4 basic actuations (2 servo series elastic 
actuators, 2 servo motors, all four with 
Hitec HS-7950TH servo motors), 4 
docking actuations (4 series elastic 
actuators with Hitec HS-5056MG servo 
motors).  
4 basic actuations (4 geared stepper 
motors), 2 docking actuations (2 
latching solenoids). 
Number of 
Docking Faces 
4 2 
Type of Docking Mechanical locking, genderless and single-
sided docking using RoGenSiD docking 
mechanisms. 
Mechanical locking (genderless and 
single-sided docking mechanisms were 
also attached for some experiments). 
Type of the 
System 
Hybrid Chain 
Dimension  3D 3D 
Hardware and Control Features 
Computation Beaglebone Black (1 GHz ARM Cortex-
A8). 
Arduino Fio (ATmega 328P, 8 MHz 
clock speed) 
Communication Wireless (XBee radio modem)  – 2.4 GHz 
RF (120 m range). 
Wireless (XBee radio modem)  – 2.4 
GHz RF (120 m range). 
Sensing and 
Navigation 
Infrared (Sharp GP2D120, range: 4-30 cm) 
x 4. 
Infrared (Sharp GP2D120, range: 4-30 
cm) x 4. 
9-DOF Razor Inertial Measurement Unit or 
IMU (triple-axis gyro-ITG-3200, triple-
axis accelerometer—ADXL345, and triple-
axis magnetometer—HMC5843). 
Initially used: Hitachi HM55B compass 
module and mercury tilt switch. 
 
In advanced phases: 9-DOF Razor 
Inertial Measurement Unit or IMU 
(triple-axis gyro-ITG-3200, triple-axis 
accelerometer—ADXL345, and triple-
axis magnetometer—HMC5843). 
Only in advanced phases: Spring loaded 
connectors (two tactile sensors mounted on 
the face of each of the docking plates). 
For RoGenSiD docking mechanism: 
Spring loaded connectors (two tactile 
sensors mounted on the face of each of 
the docking plates). Toshiba TCM 8230MD (A) CMOS camera 
(640 x 480 pixels). 
Motor Driver Adafruit 16 channel, I2C servo driver.  Easy Driver stepper motor controller. 
Power  4400 mAh 18650 Lithium-Ion battery x 2. External 12 V power supply. 
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The discussions in the preceding sections indicate the potential of a robust self-
reconfigurable modular robot called ModRED II for planetary exploration applications. The 
design procedure included careful consideration of issues related to rough terrain traversal. Each 
robot is a compact, dexterous and autonomous module designed to perform communication, 
collaboration, reconfiguration and generate various locomotion gaits. Table 3.3 provides and 
compares the basic information regarding ModRED II and ModRED modules. 
 ModRED II robots will use multiagent systems based algorithms just as its previous 
version. This time we expect to perform more on-board applications of the programs that include 
game theory based coalition formation, dynamic self-reconfiguration and locomotion in an 
uncertain environment such as an indoor artificial Mars Yard or rugged outdoor terrains. 
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Chapter 4: Self-healing of a modular robot system – a hardware 
perspective 
 
4.1 Introduction 
A completely autonomous robot system needs to be capable of successfully detecting and 
fixing its modules’ malfunctions. This phenomenon is known as ‘self-healing’ of the robot 
system. A self-healing capable robot system can possibly sustain in a planetary environment 
being away from any human intervention over a long period of time. The idea is to encourage the 
survival of the robot system while ensuring that the unfit robot modules cannot affect the fit 
modules’ activities. Careful design of the robot docking mechanisms can contribute in solving 
this problem to a significant extent.  There have been some previous studies performed in this 
area which inspired the work presented in this chapter such as ModLock [34] and SINGO [35] 
genderless connector mechanisms, as well as design principles of mechanical locking from some 
earlier work on RoomBot, MTRAN III and ATRON robots [97, 12, 31].   
Docking mechanisms are an integral part of modular self-reconfigurable robot (MSR) 
systems, allowing multiple robot modules to attach to each other.  An MSR should be equipped 
with robust and efficient docking interfaces to ensure enhanced autonomy and self-
reconfiguration ability.  Genderless docking is a necessary criterion to maintain homogeneity of 
the robot modules. This also enables self-healing of a modular robot system in the case of a failed 
module. The mechanism needs to be compact and lightweight and at the same time have 
sufficient strength to transfer loads from other connected modules. RoGenSiD is a rotary-plate 
genderless single-sided docking mechanism that was designed to perform robustly and efficiently 
considering its application in unstructured terrains. The design methodology followed design for 
manufacture (DFM) and design for assembly (DFA) guidelines as well as considerations for 
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minimal space and weight. As a result, this docking mechanism is applicable for multi-faceted 
docking in lattice-type, chain-type, or hybrid MSR systems. Bench-top testing validated the 
system performance.       
4.2 Initial latching connector design 
The docking mechanism is controlled by binary actuators (solenoids) that can latch one end 
bracket into another using a slim and simple crank-latch, which engages into a symmetric 
arrangement of docking pins. Using this low-profile mechanism, the ratio of overall length of the 
module to extension range (prismatic DOF) was minimized; this improves workspace 
characteristics. Furthermore, decreasing the length offers reduced torque and weight requirements 
for the rotary motors and thus may further reduce the overall weight for the MSR. Fig. 4.1 shows 
more details of the latching mechanism for docking two modules. The pegs enter through the 
square holes and the latch plate locks the pegs by means of the solenoid actuation. Pegs were 
designed with a pyramid shape to provide self-alignment. The holes were made square-shaped to 
achieve better gripping while latching. The pyramid peg-square hole combination provides a 
±0.25 inch tolerance for the alignment, which is an advantage in the case of non-idealized 
docking. Docking alignment will be elaborated in more detail in section 4.3.3.3 with explanations 
of an improved mechanism. Experimentation to validate docking was completed by interfacing 
the manufactured docking brackets together. 
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Figure 4.1. Docking of two end brackets driven by a solenoid operated latching mechanism to 
enable multi-module configurations. 
 
4.3 Design of a docking mechanism with self-healing capability  
The RoGenSiD (Rotary-plate Genderless Single-sided Docking) mechanism [98] was 
designed for integration on ModRED modular robots. The sizes were appropriate for that 
purpose, and in addition to single-sided docking, the new design will also make multifaceted 
docking possible for the ModRED modules. This will eventually upgrade the robot system from a 
chain to a hybrid configuration. The design features of the RoGenSiD mechanism are presented 
in the rest of this section. 
4.3.1 Curved contour locking fingers 
The design focus for this connector was to develop a single-sided docking mechanism. This 
would enable a module to detach itself from a faulty module, which is essential for sustaining the 
robot system’s functionality by means of self-healing. As a result, the docking mechanism 
consisted of a rotary plate made of aluminum featuring four specially designed hermaphroditic 
locking fingers attached with screws. The fingers were placed in a circular array on the plate and 
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the identical edges of the pegs were oriented at 90º from each other. Four fingers were chosen as 
an optimum number to offer better support and stability. A lower number of fingers could 
deteriorate these features whereas a higher number of fingers could require excessive precision in 
alignment of the docking faces before locking. Fig. 4.2 illustrates the basic working principle of 
the rotary plates and Fig. 4.3 presents the design of the hermaphroditic locking fingers. 
 
 
Figure 4.2. Working principle of the rotary plates and hermaphroditic locking fingers. As the 
upper plate (transparent and with green fingers facing downwards) rotates, it locks itself with the 
bottom plate’s (purple) fingers. This constrains any movement of the docking plates along the 
common axis of the rotary plates. 
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Figure 4.3. Fabricated rotary plate and curved contour locking fingers assembly (left) and an 
enlarged view of the curved contour locking fingers (right). The pegs were made thin near the 
center of the plate and thick near the edge so that a finger’s profile interlocks with another finger 
while docking.  
 
The rotary plate and curved locking fingers assembly were rotated using a geared bipolar 
stepper motor (NMB Technologies PG20L-D20-HHC0B) coupled to an additional worm-gear 
assembly. The motor had a holding torque of 450 mN-m and the worm-gear assembly increased 
the torque and made the system self-locking. This was necessary to save on power as now the 
connector could remain attached without using any power, rather than depending on the self-
locking capability of the gear system. Power was only needed to reach the point of attachment or 
detachment, that is, about 45° rotation of the plate. The overall weight of the assembly including 
the motor, gears, bearing, plastic housing, shafts, rotary plate and fasteners is only 0.8 lbs. Fig. 
4.4 presents a CAD model of the rotary plate / curved pegs assembly along with the motor, gears 
and grooved plastic housing to hold all the components. 
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Figure 4.4. CAD rendering of the rotary plate / curved contour locking fingers assembly along 
with the geared stepper motor attached to a worm gear that rotates the rotary plate containing the 
locking fingers on its bottom surface.  
 
4.3.2 Additional peg-hole docking 
The fabricated genderless docking mechanism still needed a constraint so that connector 
detachment would not be induced by a roll movement made by the robot. As ModRED has a 
designed roll DOF along its long axis, it was necessary to add the constraint to save the robot 
from an inadvertent detachment. To address this issue, a peg-hole mechanism used in the previous 
version of ModRED was integrated with the RoGenSiD design. However, in contrast to the 
pyramidal pegs on the earlier design, the pegs and holes were made round; in addition, spring-
loaded metal connectors were attached to the Delrin plastic alignment pegs in order to carry 
power or communication signals through the attached modules.  Fig. 4.5 shows the specially 
designed pegs and Fig. 4.6 presents the overall docking mechanism attached to an aluminum 
bracket. 
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Figure 4.5. Specially designed Delrin plastic alignment pegs with spring-loaded metal connectors 
attached for power and signal transfer through the attached modules.  
 
 
Figure 4.6. The fabricated RoGenSiD mechanism. 
 
4.3.3 Design for X methodology 
4.3.3.1 Design for manufacture (DFM) 
DFM is a well established design practice in industry. These methods are helpful to reduce 
cost and manufacturing difficulty. As modular robot parts and modules are identical, they have 
potential to be produced in mass, and thus DFM plays an important role for multiple parts 
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production. The design of the ReGenSiD mechanism considered the following aspects that follow 
DFM guidelines:  
 
• Total parts count was minimized by fabricating the plastic housing as only a two-
segment part that holds all other parts. 
• Standard fasteners and shafts were used. 
• Interchangeable parts were used (e.g., the curved contour locking fingers and the plastic 
alignment pegs). 
• The alignment pegs were multifunctional – they transferred mechanical loads as well as 
power or communication signal. 
• Nylon and aluminum were chosen for easy fabrication of parts and material availability. 
 
4.3.3.2 Design for Assembly (DFA) 
DFA is another manufacturing-centric design practice like DFM that focuses on designing 
components for easy assembly. The following DFA techniques were followed in the design 
process: 
 
• Generally only two assembly surfaces per part (top and bottom) were used for easy 
assembly and minimal handling. 
• Similar fasteners were used wherever possible. 
• Assembly orientation was mostly top-down except for the plastic housing block that were 
designed to have a sideways assembly to let the rotary plate rest inside the groove in the 
housing. 
 
Fig. 4.7 displays the largely top-down approach of assembly. 
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Figure 4.7. An exploded CAD rendering shows the top-down design of the RoGenSiD 
mechanism. 
 
4.3.3.3 Design for fault tolerance 
For successful docking, proper alignment of the docking interfaces is important. Because 
perfect alignment is very difficult due to rough or uncertain-terrain deployment of the robots and 
insufficient resolution of sensors and actuators, it is necessary to include some tolerance in the 
system so that the modules can overcome situations of small misalignment. As the robots are 
roughly aligned using the sensors and actuators, the fine tuning can be left to the fault tolerance 
system incorporated in the hardware design. In the RoGenSiD mechanism, both the locking 
fingers and alignment pegs were designed with this feature. The alignment pegs were designed 
with tapered ends as can be seen in Fig. 4.5, which helps to self-align as the docking faces 
approach each other. In addition, the holes where these pegs enter were equipped with flexible 
rubber washers to allow additional compliance.  
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The curved contour of the metal locking fingers was added to the design to allow tolerance 
for imperfect alignment in multiple directions. With the help of Fig. 4.8, we can understand these 
clearly. If the pegs, i.e., the rotary plates, are imperfectly aligned, because of the curved contour 
of the locking fingers, they will be forced to self-align to a correct position. An aligned condition 
will have the corresponding flat surfaces on the same plane as depicted in the bottom-right image 
of Fig. 4.8; the fingers’ curved surfaces will also coincide.  
 
Figure 4.8. Explanation of design for fault tolerance. Misalignment of distance ‘a’ along the Y 
axis (top left), misalignment by an angle β on XY plane (top right), misalignment of XZ plane 
(bottom left). All of these become self-aligned because of the curved contour of the locking 
fingers (bottom right). 
 
4.4 Experiments and results 
To perform experiments, two RoGenSiD mechanisms were fabricated and attached to the 
faces of two ModRED robot modules. Initially the ModRED modules were placed face to face as 
in Fig. 4.8 (top left) with a separation distance of 20 mm. Then the linear actuators of the robot 
modules were activated so that the docking faces approached each other; this eventually inserted 
the Delrin alignment pegs of one docking face into the corresponding holes of the other module’s 
docking face. At this point, the electrical connections from module to module through the 
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alignment pegs were tested using a multimeter which indicated that all four connections were 
established. This ensured that the two rotary plates, i.e., the curved contour locking fingers, were 
well aligned. Then the actual docking was completed as one of the rotary plates was rotated to 
interlock with the corresponding set of locking fingers. This actual docking procedure took 12 
seconds, which was governed by the time required for a set of locking fingers to lock into the 
other set in the opposite module. Finally, the rotary actuators of the robot modules were activated 
to bring the robot to a position where the docking interface experienced loading. The connection 
could sustain this heavy loading and remained intact at all times. Once locked properly, the 
docking interface was able to sustain approximately one third of a module’s weight (that is, 2.2 
lbs). Higher weights were not possible to be lifted because of the joint torque limitation. To 
address this, the connectors were attached to manually lift loads which could easily support an 
entire ModRED module (6.5 lbs) without breaking. The connectors lifted loads and remained 
locked for every successful locking. However, not all locking attempts were successful because of 
backlash. In addition to solving this problem, a closed loop system can be established in the 
future to ensure successful locking. Fig. 4.9 illustrates the overall docking experiment procedure.   
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Figure 4.9. Initial position of the modules – faces 20 mm apart from each other (top left); faces 
approach each other resulting in establishment of mechanical/ electrical connection through the 
Delrin alignment pegs (top right); connection strength test after completion of docking. Yellow 
arrows show bracket movements relative to the modules; blue arrows show resultant shear forces 
on the docking faces (bottom).    
 
4.4.1 Demonstration of self-healing capability 
When a single module malfunctions, a modular robot system needs to remove it from the 
system to allow a functional module to replace it; this is known as self-healing. To validate the 
self-healing capability, two connected robot modules as explained in Fig. 4.10 were detached in a 
single-sided way, i.e., using the actuators from only one of the modules while assuming that the 
other module was non-functional. This test demonstrated single sided undocking, which is 
necessary for self-healing of a modular robot system. The steps of the detachment procedure were 
opposite those for the attachment procedure. First, the rotary plate of the functional module 
rotated in the opposite direction to unlock the locking fingers. Then the linear actuator pulled the 
docking face away from the other module to unlock the Delrin alignment pegs leading to the 
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detachment of the electrical connection between the modules. The procedure was repeated 30 
times, and 100% success was achieved for every experiment, i.e., the functional robot was able to 
demonstrate successful locking followed by single-sided undocking.  
 
 
 
Figure 4.10. Single-sided undocking test for validating self-healing. From steps 1 through 4 one 
robot module (left) and a segmented module (right) demonstrate their successful connectivity on 
various rotary movements. After the assumed failure of the segmented module at step 5, the 
functional module can still detach using its single-sided docking/undocking capability. The circles 
on top represent the left and right modules, with green and red representing functional and non-
functional modules respectively. 
 
4.4.2 Fault tolerance for enhanced system flexibility 
Proper alignment of the docking faces is practically impossible – especially in the case of the 
robots being on unstructured terrains. The alignment pegs performed the major portion of 
alignment of the docking faces. The locking fingers experienced linear fault tolerance of a = 6mm 
(as in Fig. 4.8) which was the height of the locking finger. The maximum possible angular fault 
tolerance β was 2.4º (with alignment pegs, governed by the stroke of the spring-loaded connector) 
and without the pegs, this value was 3.6º (governed by the ability of the locking fingers). In case 
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of the docking faces approaching each other, the alignment pegs will experience the first 
alignment issues. Thus, with only the alignment pegs (keeping the locking fingers’ alignment as 
the next step), the angular fault tolerance is about 20º. Following this, the self-aligning of the 
locking fingers takes place, which results in successful docking. Table 4.1 presents a comparison 
of the RoGenSiD mechanism’s performances with its close counterpart, the SINGO mechanism 
[35]. 
 
Table 4.1. A comparison of some performances of the RoGenSiD and SINGO connector 
mechanisms. 
Parameters RoGenSiD Mechanism SINGO Mechanism 
Docking / undocking time 12 seconds 25 seconds 
Tested load lifting capacity 6.5 lbs 5.5 lbs 
Fault tolerance along docking 
axis 
6 mm 6 mm 
Angular fault tolerance (yaw 
/pitch directions) 
Up to 20º at initial approach Up to 8º 
Angular fault tolerance (roll 
direction) 
3º 5.7º- 22º 
 
From Table 4.1, this is evident that although the SINGO connector performs better in 
allowing fault tolerance in the roll directions, RoGenSiD offers better performances in terms of 
higher load carrying capacity, better yaw / pitch fault tolerance, and especially, much faster 
docking / undocking.  
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4.5 Docking and undocking over an unstructured terrain 
Docking and undocking of modules become challenging in a rough terrain environment 
because of the system being prone to misalignment of docking faces. It becomes difficult for the 
on-board sensors to properly detect the docking faces; also, a successful detection may result in 
failed attempts of docking because of the hardware in the system. In such a case, self-aligning and 
reasonably flexible mechanisms are useful compared to their rigid counterparts. In ModRED II, 
the RoGenSiD docking mechanism was equipped with a series elastic actuator to better handle 
the uncertainties in the environment as well as to provide shock absorption which would enhance 
the working life of the mechanism.  
 
Figure 4.11. RoGenSiD mechanism with a series elastic actuator – to be attached to ModRED II 
robots. 
 
Fig. 4.11 presents the CAD rendering of RoGenSiD docking mechanism with a series 
elastic actuator. The basic mechanism is same as the one presented earlier in this chapter. In this 
mechanism, a servo motor with a steel spring series elastic element was used as the actuator 
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instead of the stepper motor in the previous version. This feature aids in handling the unstructured 
terrain by allowing some deformation instead of a rigid actuator. It has an additional benefit – in 
the case of a shock delivered to the docking mechanism (in the direction of its actuation), the 
springs will absorb a fair amount and thus keep the servo motor along with its bearing and 
transmission out of danger. Some other features of this new mechanism are increased use of 3D 
printed plastic for easy and cost effective manufacturing and weight reduction, plug-and-play 
design that simplifies the wiring and addition of an infrared transceiver module and a camera 
module for the detection of the docking faces. Fig. 4.12 illustrates the sensing modules attached 
close to the modular docking mechanism.  
 
Figure 4.12. CAD rendering of improved RoGenSiD mechanisms attached to a ModRED II robot 
module. 
 
4.6 Load carrying cases 
Another challenge during docking and undocking is the cases where the docking 
mechanisms are sharing a fair amount of load between the modules. This is evident specially 
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during undocking of a module that is sharing load with its neighboring module / modules. In 
these cases, forced undocking might result in damage of the mechanism or heavy current flow 
through the circuit due to stalled motor. Thus, the problem needs to be solved by neutralizing the 
concerned module from a shared load - possibly with the aid of cooperative modules present in 
the system. A preceding step can be to detect the load share on the docking mechanism which is 
easily possible using the data from the series elastic actuator. 
 
Figure 4.13. Undocking in a loaded case. (a) Failure of one module (on the left, marked by the 
red sign) and the active load direction, (b) Arrival and support of rescue modules and (c) 
undocking of the working module.    
  
Fig. 4.13 illustrates an example scenario where in a two module loaded configuration, 
one module fails. In this case, if the working module attempts to undock and move away, it might 
cause excessive wear and tear due to the uncontrolled loaded condition of the failed module. 
Now, if two rescue modules arrive and dock to the failed module and thus, neutralize the 
illustrated load, then the working module can undock and move away causing little damage to its 
docking interface. The rescue modules can possibly use other cooperative strategies to tow or 
leave behind the failed module. In the next few chapters we will discuss about various other 
cooperative strategies and collaborative behaviors using modular robots.   
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Chapter 5: Locomotion gaits using ModRED and ModRED II robot 
systems 
 
5.1 Introduction 
Locomotion gait is an important topic in terms of long-term planetary explorations as it 
involves performing various tasks in different locations. This is true for both scientific 
experimentation and human habitat building in an extraterrestrial environment. The possibility of 
generating a high number of gaits increases the probability for a robot system to efficiently and 
robustly handle the uncertainty in the environment which is characteristic of a rough terrain 
deployment.  
 
In this chapter, we present different possible gaits using the ModRED and ModRED II 
robot systems along with gait tables for some of these. In addition, we provide experimental 
validation of some of the proposed gaits. Our approach was to demonstrate a number of gaits on a 
planar surface and then eventually move towards simulated rough terrain in a lab setting or 
rugged outdoor environments which better simulate a planetary surface terrain. It should be 
mentioned that a number of the proposed and demonstrated locomotion gaits were inspired by 
biological organisms because of their superiority in successfully traversing highly unstructured 
terrains. 
 
5.2 Locomotion on planar surface 
To maneuver across an unstructured terrain, the 4-DOF modular robot offers unique 
locomotion due to its high dexterity. As rough-terrain locomotion is a very complex task, we 
begin our gait analysis and experiments with planar surface deployment of the modular robots. 
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For ModRED robots, we proposed a number of locomotion gaits – mostly using up to two 
modules. For most of these gaits, individual gait tables were generated so that these could be 
followed and tested during experimentation using the real robot modules.  
In Figs. 5.1 and 5.3 these gaits are presented. The X-Y reference axis for each individual gait 
diagram is placed at the far left of the module(s). The gait illustrations show the beginning 
position of the MSR modules, followed by several subdivided steps, and ending with the 
reference position to finish the cycle. 
 
For simplicity in representing the gaits, a triangle is placed at the end of each module, 
representing the end’s rotational DOF. A vertical line in the center of each module represents the 
contraction of the translational DOF. Two parallel lines represent the extension of the translational 
DOF. The third rotational DOF of the MSR is located between the translational and right-most 
rotational DOF.  To further describe the illustration, a set of numbers are used to represent the 
position states of these DOF. The value of +1 represents open/up/clockwise/extend, while -1 
represents closed/down/counterclockwise/contract, and 0 is the neutral state. The next subsections 
explain these categorized locomotion gaits using ModRED robot modules. 
5.2.1 Quasi wheeled locomotion 
ModRED robots can be used to generate quasi wheeled locomotion gaits. The twist DOF 
plays an important role to make most of these gaits possible. With the initiation of this DOF, the 
corresponding body segment of ModRED acts like a square wheel. The locomotion is not smooth 
because of the square wheels; however, it serves the purpose for a faster maneuvering as the robot 
might require depending on encountering a more planar terrain. Section 5.3.1 explains the reasons 
behind using a square shaped cross section for the robot module. Fig. 5.1 illustrates gait tables for 
the DOFs and corresponding schematics for the quasi wheeled gaits. 
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Figure 5.1. Quasi wheeled locomotion using up to two ModRED modules. Illustration includes 
gait tables and schematics showing the locomotion gaits. ‘R’ indicates rotary joints whereas ‘P’ 
indicates prismatic joints.  
 
The first gait in Fig. 5.1 (a) involves only one MSR module and uses the twist DOF to 
generate a pivoted steering locomotion. An identical gait is Fig. 5.1 (d) using two modules. These 
gaits may be useful for changing orientation of the robot or to align the docking faces to other 
modules. Figs. 5.1 (b) and (c) are two variants of a similar gait where in (b), the robot moves 
forwards (or backwards for opposite rotations of both the DOFs) and in (c), the robot twists about 
its own vertical axis (which is possible in both clockwise and counter-clockwise directions).   
92 
 
    
                                     (a)                                                                         (b) 
Figure 5.2. Roller track gait Webots® simulation using ModRED modules. (a) Six modules form 
an open chain configuration where the end modules eventually dock together to form a closed 
chain or roller track configuration.(b) The roller track locomotion makes obstacle traversal 
possible.  
 
An additional gait that was tested by some early modular robots such as PolyPod, 
PolyBot etc. [9, 24] is the rolling-track gait. In an earlier work by Ramaekers, a simulation in 
Webots® software was performed on ModRED robots to investigate the possibility of obstacle 
traversal using such a configuration [88]. This work also simulated one and two-module 
inchworm, two module rolling sideways gaits, and also dynamic self-reconfiguration for climbing 
ridges and slopes.  Figure 5.2 illustrates such a situation as extracted from screenshots of [99].   
 
5.2.2 Worm-like locomotion 
Bioinspired locomotion is useful for modular robots in traversing over difficult terrains 
because biological creatures such as worms perform their locomotion in natural surfaces which 
are difficult and rough in nature. Inchworm locomotion is one such gait which can be mimicked 
by artificial robotic systems. Previously, CkBot robot modules generated this type of gait [84]. 
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We have proposed inchworm like gaits using one and two ModRED robot modules as illustrated 
in Fig. 5.3.  
 
Figure 5.3. Worm-like locomotion using up to two ModRED modules. Illustration includes gait 
tables and schematics showing the locomotion gaits. 
 
The first gait, 5.3 (a), is a one-module gait, and it makes use of the translational DOF 
along with the rotary DOF of the two end brackets to achieve an inchworm-like gait. 5.3 (b) is a 
two-module inchworm gait that makes use of a combination of the rotary and translational DOFs 
of each of the robot modules. 
5.2.3 Legged locomotion 
As ModRED allowed only end-to-end chain connection between modules, it was not 
possible to achieve many legged locomotion gaits. A possible configuration could have a single 
module bridging two sets of single modules or two sets of double modules as illustrated in Fig. 
5.4. The modules can use the twist DOF to align the rotation axes of the end brackets accordingly 
to make the biped gaits possible. The bridging module can be used as a waist to guide the 
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movements of the legs. Also, the number of bridging modules can be increased for getting a 
wider biped stance.  
 
Figure 5.4. Schematics of possible biped locomotion configurations (a and b) and a possible foot 
module schematic for improved balance (c). 
 
These gaits have multiple inherent problems such as lack of balance and the necessity of 
having a penetrable terrain (such as mud or loose sand) so that the docking faces do not 
contribute to imbalance. The second problem can be addressed by attaching a foot module at the 
end of the bottom modules as illustrated in Fig. 5.4 (c).   
 
5.3 Locomotion on rough terrain with ModRED II 
As planetary exploration involves locomotion on rough terrain, it is important to transfer 
the experimentation of ModRED from the laboratory to a rugged outdoor terrain. ModRED was 
limited by its lack of protection against dust as well as by its heavy weight and limited sensing 
capability to be used in a rough terrain environment. Thus ModRED II was designed to address 
these problems so that we could demonstrate the robot’s locomotion gaits on a simulated 
unstructured terrain as well as in outdoor environments. However, rough terrain traversal involves 
some challenging problems as opposed to structured terrains. Iagnemma and Dubowsky presented 
a primer to solve some of these prevailing problems using an approach of rough terrain modeling, 
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motion planning and control [100]. These experiments covered wheeled locomotion of planetary 
exploration rovers which may be termed as a subset of the configurations achievable by ModRED 
and ModRED II robots (e.g., quasi wheeled locomotion gaits). Thus, our investigation requires 
extension of the work towards terrain interaction and planning for modular robots which is out of 
the scope of this thesis. Although not discussed in detail, we will briefly present some of the basic 
issues that are needed to be addressed for a future study of gait generation using our robots for 
their deployment on a rough terrain environment.    
5.3.1 Maintaining balance 
ModRED and ModRED II robots are provided with planar surfaces which facilitates 
better balance of the modules. For instance, a circular cross section of the robot modules would 
aid in faster wheeled locomotion but inferior balance due to minimal contact with the terrain. The 
square cross section helps not only to maintain balance on a terrain, but also to provide 
symmetrical surfaces to other modules docked or stationed on it. Figure 5.5 explains these points 
using schematics.  
 
Figure 5.5. Comparison of different cross sections of a modular robot module and terrain-module 
and module-module interactions.  
 
From Fig. 5.5, it is evident that balanced module stacking is possible only for the last 
case, i.e., for square cross section modules. The triangular and square cross section modules will 
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have better balance but less adaptability to the rough terrain. The circular cross section modules 
will have worse balance but better adaptability with terrain. 
During locomotion on rough terrain, balancing becomes a very complicated problem. 
Early work on legged robot module balance on rough terrain was performed by Hong and Cipra 
where analytical solutions using optimization were developed for multi-limbed robots using 
contact force, friction and slip between a robot leg and terrain [101, 102]. ModRED II is capable 
of hybrid configurations and thus many stable gaits and configurations are possible using these 
robot modules. Some of these possible gaits are discussed in section 5.5. Detailed analytical study 
of terrain modeling, motion planning and control as well as contact force, friction and slip 
analysis are required to develop robust balance and control in applying these gaits on a rough 
planetary terrain. 
5.3.2 Choosing the right gait 
Once the robots are able to generate a number of locomotion gaits, the question arises as 
to which gait to choose for a given type of terrain condition. As the robot system needs to sustain 
itself over a long period away from any human intervention, it needs to perform its tasks taking 
minimal time while conserving sufficient energy. For a scientific exploration scenario, the robots 
may need to travel from one place to another to record measurements. In such a case, the robots 
may encounter a variety of terrains on their way from the initial position to the goal location. 
Depending on the terrain type, the robots can decide on which gait to achieve at a given instant 
for the benefit of the overall team in terms of energy consumption and time efficiency. For this 
purpose, there should be clear boundaries between terrain types to be able to discern between two 
terrains so that the corresponding gaits can be assigned. Fig. 5.6 presents an example of how gaits 
can be chosen for an example case.  
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Figure 5.6. An example terrain maneuvering case along with acquisition of locomotion gaits. The 
dark spots represent obstacles in the environment. 
 
In this example, an easy terrain is being maneuvered by a two-module rolling sideways 
gait because the absence of obstacles makes the locomotion faster in this quasi wheeled gait. 
However, the robots may encounter an avoidable obstacle as in Step 2 (a) or an unavoidable 
obstacle as in Step 2 (b). In the first case, the robots can possibly choose the two-module twisting 
gait to move its path away from the obstacle, then twist back to an orientation directing towards 
its goal and finally getting back to the two-module rolling sideways gait given that the terrain is 
still easily maneuverable for this quasi wheeled locomotion. The latter case is a different scenario 
and the robot has no option to avoid the obstacle (assuming that such an attempt will result in 
exhaustion of its remaining energy). Thus, the robot may attempt to traverse over the obstacle 
using a two-module inchworm gait. Failure to traverse the obstacle might result in changing its 
strategy and scale up the robot system (by adding modules) to cooperatively achieve its goal.  
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Some experiments using a single ModRED robot module were performed by Baca et al. where a 
fuzzy logic-based gait chart was followed to orient the robot module towards a predefined goal 
location [40]. In this study, an IMU sensor was used to find the orientation of the robot module 
and basic movements of the robot module were performed to align to the goal direction. Webots 
simulation was also performed using similar methods. Both the simulation screenplay and 
experimental video can be accessed from [103]. 
5.3.3 Reconfiguration between gaits 
Reconfiguration between two different gaits can be simple if the number of connected 
modules remains unchanged. In this case the issues of concern are load balance and reaching an 
orientation where the latter gait can be performed using some intermediate moves from the 
previous gait configuration. For example, in Fig. 5.6, the modules are required to align (using the 
twist DOFs) all the end bracket axes in a parallel orientation to make the robot capable of 
performing an inchworm gait. In doing so, the robot system needs to be aware of its balance over 
the terrain. 
When reconfiguration is required to achieve a gait having a different number of 
connected modules than the previous gait, the situation is much more complicated. In this case, 
the robot system will require docking / undocking of modules as well as communication for 
cooperation and decision making in recruiting or shedding additional or extra modules in the 
system. For example, to achieve a two-module inchworm gait from a one-module pivot steering 
gait, it is required that the single module calls another module to dock with it so they can then 
perform the inchworm gait together. 
In a previous work, self-reconfiguration planning using unit modular robots was proposed 
by Nelson where graph theory based approaches were utilized [104]. ModRED reconfiguration 
planning can utilize similar approaches while being more specific towards a four-DOF unit 
modular robot system.   
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5.4 Demonstrated gaits using ModRED modules 
     Some of the proposed gaits were achieved using the ModRED prototypes and these were 
presented in [40]. Fig. 5.7 illustrates some of these achieved gaits. These were achieved using 
centralized and tethered power supply for the modules. The modules also shared on-board 
centralized control. The environment contained a planar surface for locomotion. 
     
 
Figure 5.7. Some of the demonstrated gaits using ModRED robot modules. Two-module pivoted 
steering (top left), two-module rolling sideways (top center), two-module twisting (top right) and 
two-module inchworm (bottom). 
 
Table 5.1 represents a comparison of the theoretically proposed vs. experimentally validated 
gaits using ModRED modules. The gaits that are not yet validated can be subjects for future 
investigation.  
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Table 5.1. List of the proposed and demonstrated gaits using up to two ModRED modules. 
 Theoretically  
Proposed Gaits 
Experimentally 
Validated Gaits 
One module pivoted steering √ √ 
One module inchworm √ × 
Two module inchworm √ √ 
Two module rolling sideways √ √ 
Two module twisting  √ √ 
Two module pivoted steering √ √ 
Three module biped √ × 
Five module biped √ × 
Six module roller track √ × 
 
Some of the demonstrated gaits can be visualized from the video available in [105]. 
 
5.5 Some possible gaits using ModRED II modules 
A ‘Cambrian Explosion’ of achievable gaits and configurations is expected with the 
addition of two more docking faces on the side faces in ModRED II as compared to only two end 
bracket docking faces in ModRED. This leap will be possible because of the new modules’ 
capacity to achieve hybrid configurations having improved from the ability to achieve only chain 
configurations.  
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Figure 5.8. Illustration of various possible gaits and configurations using ModRED II modules. 
 
Fig. 5.8 illustrates a small selection of possible gaits using ModRED II modules. (a) 
represents a five module quadruped gait which is the simplest 4-legged gait possible using these 
robot modules. Increasing one more module in the system, it is possible to achieve a more stable 
scorpion-like gait (b). Using this gait, the robot can basically maneuver with its three front legs 
and use the tail as a support or an optional fourth leg or even as a wheel (the twist DOF in the rear 
module) to quickly change directions. (c) is another six-module configuration where an elevator 
platform is provided so that other modules can use it to move to higher elevations. This might be 
useful in cooperatively traversing over large obstacles. (d) is a four-wheel-drive vehicle which is 
an improved, more stable and robust version of the two module rolling sideways gait discussed 
earlier. (e) represents a simple hexapod walker configuration. Increasing one more module in the 
system can generate another type of hexapod having all the legs on the two sides (instead of the 
front and rear legs). (f) illustrates a hybrid gait where the front three legs are used for legged 
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locomotion and the tail can be used for a rolling forwards locomotion. In its wheeled locomotion, 
the tail can also aid the robot in changing its direction. The tail can also be used as a set of two 
legs which can convert the system into a completely legged configuration. Neutralizing the front 
leg and using the two central legs as wheels, the system can be converted completely into a four-
wheeled vehicle. There are numerous other configurations possible using ModRED II modules. 
Some of the complex configurations are presented in Fig. 5.9.   
 
Figure 5.9. Some complex gaits using ModRED II modules. (a) 7-module snake gait, (b) 17-
module double snake gait and (c) 11-module humanoid gait. 
 
It is evident from Fig. 5.9 that cooperation of ModRED II robot modules can result in 
quite complex configurations and gaits. Using only 7 modules, we can achieve snake gait as in 
Fig. 5.9 (a). For rough terrain traversal, a more stable gait may be required like that of Fig. 5.9 (b) 
where a ladder structure is formed with two snake configurations in parallel, and connected by 
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single-module rungs. Fig. 5.9 (c) represents a humanoid robot with a large number of DOFs 
formed by only eleven ModRED II modules. Thus, it is evident that ModRED II robot modules 
are capable of achieving a large number of simple and complex gaits using small number of 
modules.  
    
5.6 Summary of locomotion using ModRED and ModRED II modules 
The discussions in this chapter have revealed that high dexterity modular robots such as 
ModRED and ModRED II have potential to generate a large array of locomotion gaits using only 
a few modules. This is an important outcome because a large number of modules requires a large 
number of docking interfaces; also, as the module size decreases, it becomes difficult to maintain 
individual module autonomy given the current state of the art of robotics. In this chapter, we have 
presented a number of locomotion gaits and configurations with gait tables and experimental 
validation for many of them. For rough terrain traversal, bioinspiration plays an important role as 
biological organisms are proven to successfully sustain themselves in such environments. Thus, 
many of the presented gaits utilized biomimetics such as inchworm, spiderlike, snakelike and 
even biped humanoid gaits. Rigorous research and both analytical and experimental work are 
needed to advance the ModRED technology forwards to realize achieving these gaits in an 
unstructured outdoor setting as in a planetary terrain. Although high dexterity modular robots can 
be applied for the exploration of rough terrains with the current state of the art, micro-scale, 
swarming modular robotics needs further research because of their advanced reconfigurability 
and compliance with the finer details of an unstructured terrain. 
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Chapter 6: Cooperative load transport using a hybrid biomimetic 
behavior 
 
6.1 Introduction 
Cooperation within a robot team can result in success to establish a sustainable robot 
community for various applications such as in planetary outposts, battlefields and disaster-
affected zones. In this study, a multiagent approach is followed using a hybrid biomimetic 
behavior to obtain better results from such cooperative robots transporting a payload. In the case 
of a planetary exploration, teams of robots may need to carry building components for setting up 
habitats for future human presence. The robot system control is designed to self-balance the load 
among participating robot agents, navigating on planar surfaces while avoiding obstacles. An 
additional feature is the energy consideration for load carrying agents as well as a group of 
backup or support agents to handle the case of agents losing a significant amount of energy 
during the payload transport process. The cooperative system theory and the biomimetic behavior 
are explained and a corresponding multiagent simulation is presented.  
The motivation of this simulation study is to acquire knowledge about a payload carrying 
multi-robot system that applies biomimetic behaviors. In the preceding chapters we have studied 
about the design and development of modular self-reconfigurable robot systems using ModRED 
and ModRED II robots followed by their gait generation. Once these systems are capable of 
demonstrating stable gaits on rough terrains, they can be used to perform additional tasks such as 
cooperative load transport in addition to performing experiments while maneuvering and 
reconfiguring. With the capability of carrying objects cooperatively, ModRED and ModRED II 
robot systems can self-sustain in rough terrains while performing tasks for building robotic 
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outposts and infrastructure such as habitats for future human explorations and colonization in 
extraterrestrial environments.    
 
6.2 Agent-based system design 
In a multiagent system, individual autonomous agents perceive and actuate on the 
environment. Contrasting with a centralized system, in this case there is no hierarchy or 
centralized control; rather the system is distributed. This is essential for making the overall 
system robust and fail-safe. The system control model consists of a payload agent, multiple 
identical robot agents and the environment which consists of the ground, any obstacle and other 
agents in the system (e.g., for the payload agent, the environment is made up of the ground, 
obstacles and the robot agents). Fig. 6.1 graphically illustrates this multiagent system control 
model.  
 
 
Figure 6.1. The multiagent system model with the environment, obstacle, robot agents and the 
payload agent. 
 
6.2.1 Problem statement 
Given the size, weight and geometry of a payload with homogeneous load distribution, 
number of robots in the system, initial energy of each robot and a planar ground environment 
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with predefined start and stop locations along with some randomly placed obstacles, a multiagent 
system needs to be constructed wherein the robot agents will travel from a predefined start 
location to a stop location while carrying the load agent and avoiding all obstacles. 
 
6.2.2 Environment 
We assume that the environment is a rigid plane with randomly placed rigid positive 
obstacles. The size of the environment and the frequency of the obstacles are predefined. For our 
preliminary study, we assume that the robot agents will detect the obstacles and take appropriate 
actions regardless of the obstacle heights. The payload agent cannot move over an obstacle; rather 
it will experience stagnation. The same is true for the robot agents’ interaction with the obstacles.  
6.2.3 Agent design strategies 
The robot agents were designed as a distributed system mimicking social animals and 
insects as discussed in Chapter 1. A high number of robot agents is generally preferred to make 
the system robust and fail-safe like biological swarms [53], although maintaining a range of 
thresholds or a flexible swarm size would enhance the efficiency [56]. A smaller size for a robot 
agent compared to the environment size (or the distance to be traveled) is preferred to 
accommodate this swarm behavior. The robot agents will be initially supplied with a load and a 
predefined number of robots will be randomly distributed under the load. A supporting group of 
robots will stay around the load while navigating side by side. This second group of robots will be 
used as replacements in the case when a load carrying robot runs out of a certain predefined 
amount of energy. This behavior is observed in ants where some ants are busy at the retrieval of 
prey whereas the supporting ants stay close by for possible recruitment [63]. The supporting 
robots will expend less energy as they do not need to carry the load. All the robot agents will have 
initial information about the location of the destination just as many migratory bird species do 
[47]. For specific goal-oriented travels, most animals are pre-equipped with this information and 
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thus we implement a similar strategy on our robot agents. The displacement correction will be 
performed using a dead reckoning method where the robot will be aware of its final destination 
even if it is displaced because of either rearranging its position for load balancing or for obstacle 
avoidance. 
 
6.2.4 Robot agents 
The goal of the robot agents is to coordinate with each other and with the payload agent 
to maintain balance and velocity (both magnitude and direction) throughout the path from the 
‘start’ location to the ‘goal’ location and at the same time maneuvering around the obstacles. This 
agent perceives from the environment using sensors and communication systems and actuates on 
the environment by maneuvering and exerting reaction forces in response to the payload agent’s 
weight. Also the robots will not have a global view of the environment (except for the 
information about destination location) i.e., they will have limited remote sensing capacity. This 
behavior was also mimicked from some biological creatures such as ants, rattlesnakes, whales, 
dolphins and bats [106, 53]. This behavior reduces the complexity of a single agent as it does not 
store and process a large amount of information. During navigation, the robot agents will 
maintain some simple tasks - they will generally move towards the goal while avoiding obstacles 
and correcting the errors while maintaining a safe distance from neighbors like birds in a flock or 
fishes in a school [43, 47]. The hybrid behavior of the robot agents is illustrated in Fig. 6.2.    
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Figure 6.2. Hybrid bioinspiration in designing the behavior for the robot agents. 
 
6.2.5 The payload agent 
The purpose of this agent is to apply force in the form of weight and friction to the robot 
agents. The agent’s size and shape can be varied by initializing the relevant parameters. Ideally, it 
is a square with uniform density distribution. We assume that the friction force under the payload 
is low enough for the robot agents to slide and change position and high enough so that all robots 
together can carry it towards a specific direction.   
6.2.6 Emergent behavior 
The local behavior of the robot agents’ locally generated random as well as goal-oriented 
movements along with the payload agent’s balancing will eventually result in the transportation 
of the load from the starting position to the goal position while avoiding all obstacles and with 
optimal power efficiency. This can be observed in the results of the simulations where the agents’ 
local behaviors, such as sensing range, affect the overall system’s energy curve, and local 
decisions for obstacle avoidance made by a single robot are reflected in the overall team’s 
direction changing. 
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6.3 Simulation of cooperative load transport 
To investigate the local to global emergent behavior of the designed multiagent system, a 
simulation was created in the Repast Simphony agent based system modeling toolkit. Using this 
software GUI, we could insert multiple input parameters for the agents and environment and 
visualize the system behavior. The simulation was performed in mainly two steps – first, load 
balancing and second, navigation including obstacle avoidance. This means that the robots would 
perform load balancing first and then as they reach equilibrium, they will start moving towards 
the goal. The robots would stop and redistribute under the payload in the case of a “tired robot” 
or a robot that had reached its remaining power threshold or a “near-dead robot” (we did not 
investigate the former case; our experiments included only “near-dead robots”). In the case of an 
obstacle, the robots would not stop; rather they would change directions accordingly.  The details 
of the simulation design are described in the next subsections. 
6.3.1 Multi-robot load balancing 
The robot agents performed self-organization for balancing the payload agent resting on 
them. The goal of this self-organization was to minimize the load difference between the 
neighboring agents. A neighboring agent is defined as one that is within the range of the robot 
agent’s remote sensing capacity. The robots would attempt placing themselves on the seed 
location identical to a Voronoi diagram by relocating their current position under the load. A 
Voronoi diagram is a method to divide a space into regions. A set of points or seed locations are 
specified in the beginning followed by the division of regions so that any point on the region is 
closest to its host seed location. This method is useful in our case to divide regions of influence 
for each robot to identify its load share on the payload among other carrier robots in the system. 
We assumed that during this relocation, the payload would not topple. We suggest that this 
dynamic balancing problem needs to be investigated in greater details in the future. Fig. 6.3(a) 
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shows a stable Voronoi tessellation achieved by the robots (called turtles) in the Repast 
visualization. For this equilibrium configuration, any point on the corresponding region for the 
seed location (or robot’s location), has that host seed as the closest one compared to any 
neighboring seed location. The movements during this load balance are determined by the load on 
the nearby agents within its visible range. Fig. 6.3(b) explains a situation where the movement of 
agent 1 is under consideration. Agents 2 and 3 are within its visible range and agent 3 has less 
load share compared to agent 1 and agent 2. The overall load share at this point is P3 < P1 < P2 < 
P4. Agent 1 follows the following rule to determine its direction away from agent 3 to balance the 
load share. 
 
Direction of movement:      
$%&&&' =  ( )*+ − *,-.%/&&&'012 3 0415  
 
where Pi is the load on Agent i (the agent under consideration) 
           Pj is the load on Agent j (neighboring agent) 
           rij is the direction vector from Agent i  to Agent j 
           rvis is the visibility range of the agent under consideration 
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     (a)                                                                    (b) 
Figure 6.3. (a) Load balancing using Voronoi tessellation. Point Pa (belonging to A1’s area) is 
equidistant or closer to A1 compared to A2. Similarly, Point Pb (belonging to A1’s area) ) is 
equidistant or closer to A1 compared to A3. (b) The vectors showing how the Voronoi tessellation 
is achieved while considering the load shares of the neighbors. For 1, a neighbor with lower share 
(here, 3) will tend to increase its share and a neighbor with higher load share (here, 2) will tend to 
reduce its share. The vector G1 creates the movements to achieve this configuration with the least 
load difference.   
  
To summarize the load balance process, first the robots are placed in random locations 
under the payload. Then the Voronoi regions are created based on the robots’ locations as seed 
locations. However, this region sharing does not ensure equilibrium load share among the robots 
because of the randomness initiated in the beginning. So, the robots use the G vector to find the 
next location for the seeds that gives a better or lower load difference. Based on this new location, 
again, Voronoi regions are calculated and shared. The process continues until a specific 
predefined time when it is assumed that the equilibrium load balancing is reached. An improved 
algorithm may utilize a convergence criterion based on statics to define the equilibrium. 
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6.3.2 Multi-robot navigation with load 
After the load balance is done, the robots are ready to navigate towards the goal. Each of 
the robot agents uses its preloaded information about the goal direction. Although they have 
moved from their initial position and orientation to balance the load, they follow a dead reckoning 
system to calculate the direction from their current position and orientation. In the case of a “tired 
robot” situation, the navigation will come to a pause and it will resume after two rearrangements 
– one, substitution by a supporting robot and two, load rebalancing. The energy consumption of a 
robot depends on velocity and load share:  
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where ∆7 is the energy consumption from time t1 to t2 
            g is a scaling constant 
            L is the load share on the robot agent 
            v is the current velocity of the robot agent 
            ∆> is the displacement 
Fig. 6.4 presents the flow chart of the overall payload transport process including load balancing, 
obstacle avoidance and energy considerations. 
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Figure 6.4. Flowchart of the overall load transport system showing load balance, navigation, 
substitution of tired agents and energy considerations. 
 
6.3.3 Obstacle avoidance 
A simple obstacle avoidance technique was used to operate the robot agents in a 
distributive manner. The shape and number of obstacles were randomly generated in the 
simulation. The percentage of obstacle area compared to the environment area could be preset. In 
our simulation, scattered obstacles were used (randomly distributed in the environment) that 
resembled a planetary terrain with scattered rocks (similar to the Mars Yard at the Jet Propulsion 
Lab [107]). For more complex or larger obstacles, collision avoidance techniques using Bug 
algorithms such as the TangentBug algorithm [108] could be considered, which is specifically 
designed for systems having range sensors. In our algorithm, it was assumed that the robot agents 
would detect an obstacle before the load agent hits it. As stated before, all the robot agents will be 
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aware of the initial vector towards the goal. As the robots start moving towards the goal, any of 
the agents may encounter an obstacle. In that case, that agent will emit a signal to inform all the 
other agents about the presence of the obstacle. In that condition all the agents will change 
direction to 90º right or left (chosen randomly) and move for some preset distance ‘d’ and then 
rotate back to an orientation (with the help of the goal vector) which will direct all the agents to 
the goal. Then they will move forwards and resume linear movement towards the goal. If they 
encounter another obstacle, they will follow a similar procedure. Fig. 6.5 explains this method for 
the case of a triangular load, with three robot agents and a randomly generated obstacle.  
 
Figure 6.5. Obstacle avoidance using three robot agents and a triangular payload. The center-line 
connecting positions 1 (start) and 4 (goal) indicate the initial goal direction vector (in a direction 
from 1 to 4). The robot team follows the dotted lines to go from 1 to 2, then the striped agent 
detects the obstacle and informs the other agents to rotate and move away in a direction from 2 to 
3. Then they set back directions to a new goal vector and move from 3 to 4. 
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6.4 Analysis of the collective behavior 
To analyze the collective behavior of the cooperative robots, we had the following 
hypotheses for our system that we attempted to validate using the simulation:  
Hypothesis 1: Larger groups of robots (including supporting agents) will be more 
successful in reaching the goal while carrying the load and successfully avoiding the obstacles.   
Hypothesis 2: Varying the safe distance from a neighbor and sensing range of an 
individual robot (that is, in the local scale) will affect the effectiveness and efficiency of the robot 
system in the global scale. 
 Investigations on these hypotheses would allow a better understanding of the hybrid 
biomimetic algorithm used in this cooperative load transport problem. 
6.4.1 Design of the simulation 
 We designed the simulation so that we could receive insights to validate the hypotheses. 
According to the hypotheses, we were interested in observing the nature of the robots’ success in 
reaching the goal while deploying varied sizes of groups. The robot groups were of two types – 
the load carrying agents and the supporting agents. We investigated the success rates for the cases 
including and excluding the support agents. Also we varied the number of agents for the latter 
case to observe the effects of varied sizes of robot teams. In other sets of investigations, we varied 
the sensing range of the individual robots and the safe distance of a robot from its neighbors. We 
performed five simulation runs for each set of data and used the average in the plots. For each 
simulation, obstacles were randomly assigned which accounted for the uncertainty that is inherent 
in a planetary terrain environment. Also, the robot agents were assigned some predefined values 
for initial energy which randomly varied from agent to agent. This was done to simulate a real-
life scenario where the robots would not have exactly the same amount of energy while starting a 
load carrying task. This acted as another element of randomness added into the system. The 
design for these experiments is presented in Table 6.1.  
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Table 6.1. Experiment design for a hybrid biomimetic cooperative load transport using robots. 
Experiments % obstacles 
× 1/10,000) 
Number of 
Simulation Runs 
Outputs 
Finding overall 
success rates for 
robots with 
supporting agents. 
5 load carrying robots, 
2 supporting robots 
(5+2). 
0, 5, 8, 10, 
12, 15, 20 
 
*(e.g., 10 
means 
0.001%) 
7 obstacle 
percentages × 20 
runs each = 140 
Percentages 
of completed 
distance 
 
Energy 
curves 
Success rates in 
absence of 
supporting agents. 
 
3 load carrying robots, 
0 supporting robot 
(3+0). 
0, 5, 8, 10, 
12, 15, 20 
7 obstacle 
percentages × 20 
runs each = 140 
Percentages 
of completed 
distance 
 
Energy 
curves 
5 load carrying robots, 
0 supporting robot 
(5+0). 
0, 5, 8, 10, 
12, 15, 20 
7 obstacle 
percentages × 20 
runs each = 140 
7 load carrying robots, 
0 supporting robot 
(7+0). 
0, 5, 8, 10, 
12, 15, 20 
7 obstacle 
percentages × 20 
runs each = 140 
Local vs. global 
sensing of the 
robot agents. 
Range = 3,  
5 load carrying robots, 
2 supporting robots 
(5+2). 
10 (fixed 
distribution) 
1 Energy 
curves 
Range = 6 
5 load carrying robots, 
2 supporting robots 
(5+2). 
10 (fixed 
distribution) 
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 According to this experiment design, overall success rates or effectiveness of the robot 
systems will be investigated in the case of load carrying robots supported by backup robots. Cases 
will be studied for 7 different obstacle percentages (from 0 to 0.002%). For each obstacle 
percentage case, 20 simulation runs would be performed and the average would be used to plot 
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percentage completed distances vs. percentage of obstacles. Similar data would be obtained for 
three other cases of having robots without supporting agents. Three different configurations are 
being used so that we could compare the success rates for different numbers of robots 
participating in the load transport (which would help validate Hypothesis 1). The rest of the 
studies would be focused on obtaining energy curves for robots including and excluding 
supporting agents and for varying visibility range conditions (which would help validate 
Hypothesis 2).  In the following subsections, the results of these simulations are presented and 
discussed. 
6.4.2 Description of the simulation 
 Based on the multi-agent theory and developed algorithms described in section 6.3, a 
Repast Simphony simulation was programmed. Fig. 6.6 illustrates the main components of the 
simulation GUI. As planned in Table 6.1, the GUI included the input variables (total number of 
robots, number of backup robots, visibility range and obstacle percentage), outputs (% completed 
distance and energy at a given instance) and some buttons to set up the system (for randomly 
arranging the load carrying robots under the square shaped load), run the experiment, load 
balance and carry the load (the last two are subsets of the ‘run’ command). The environment (200 
pixels × 200 pixels) was surrounded by a boundary and the obstacles were distributed (as the 
‘setup’ button is clicked after choosing a percentage of obstacles from input) randomly 
everywhere except for an area around the start and the end locations. Upon setting up, the robots 
will appear under (‘on’ in this simulation – for visualization purposes) the square load (12 pixels 
× 12 pixels) showing the initial load shares of the robots as different colored areas in the load. If 
supporting agents were chosen, they will appear next to the load (not inside). At this time, the 
obstacles will also appear in a random distribution. Upon hitting the ‘run’ button, the robots will 
start load balancing by obtaining the optimum Voronoi diagram as discussed in section 6.3. This 
was set to run for a certain amount of time, after which the robots will start moving towards the 
118 
 
goal location. The supporting agents will also follow the load carriers. As an obstacle is 
encountered within visibility range of any of the carrier robots (predefined), all the robots will 
change direction either towards the right or left (randomly chosen) to move for some predefined 
time and then will reorient towards the goal direction. The light green color of the robots 
indicates a high energy level (or battery power) and it gets darker as the robot expends energy due 
to load carrying (high energy consumption) or only for locomotion as supporting agents (low 
energy consumption). If a robot ‘dies’ or goes below a threshold energy level, it is thrown out of 
the load and set next to it as a red and stationary robot. This indicates the approximate position of 
the robot where it died.   
 
Figure 6.6. The GUI of a Repast Simphony simulation showing its different components.  
 
6.4.3 Overall success rate 
 The success rates or effectiveness of the robots were quantified in terms of their 
percentage of completed distance. This distance was defined as a percentage of the straight-line 
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diagonal distance between the start location and goal location (that is, from the bottom left corner 
to top right corner in the GUI environment). Thus, even if a robot travels a long distance up to the 
top left corner, it would have only traveled about 50% of the distance to the goal location. The 
same is true for a robot reaching the bottom right corner and so on.    
 
 
Figure 6.7. Plot showing a comparison of how the completed distance percentage varies with 
varied percentage of obstacles in the environment and for cases including and excluding 
supporting agents. The bottom image illustrates the different cases graphically as in the 
simulation. % obstacle is calculated as x × (1/10,000) e.g., for 10, it is 10 × 1/10,000 % or 
0.001% of the total number of pixels.  
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 The results of the simulations on completed distance percentage can be viewed from the 
plots presented in Fig. 6.7. From these plots, we find that, as hypothesized, the success rates go 
upwards as the number of robots in the system is increased. With 7 robots in the system, for lower 
percentages of obstacles, the cooperation of robots to carry the load is almost always successful in 
reaching the goal. Also, with an increase of the percentage of obstacles, the robots face more 
difficulty to maneuver towards the goal, and thus they expend all of their energy on the way, 
before reaching the destination. In obtaining the data, for each set (for a specific obstacle 
percentage and number of robots), only 20 simulations were performed as the data did not largely 
vary for each simulation except for the cases (having a low frequency of occurrence) when the 
robots would fail to avoid a set of obstacles (i.e., facing gridlocks as a result of using a simple 
obstacle avoidance algorithm). However, in the future, even higher number of simulations can be 
performed to include more variety of data. The causes of failures and their probable solution 
strategies are presented in Table 6.2. 
 
Table 6.2. Causes of robot failures and suggested solution strategies (causes and suggested 
solutions are in order of high to low importance). 
Configuration 
(carriers + support) 
Causes of Failures Solution Strategies 
(5+2) Obstacles Better obstacle avoidance, obstacle 
traversal 
(7+0) Obstacles Better obstacle avoidance, obstacle 
traversal 
(5+0) Low number of robots, 
obstacles 
Increase number of robots, better 
obstacle avoidance, obstacle traversal 
(3+0) Low number of robots, 
obstacles 
Increase number of robots, better 
obstacle avoidance, obstacle traversal 
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 In these simulations, our load balancing assumed that the objects will not topple during 
the robots’ movements under the load. This can be included in the consideration by using 
strategies identical to that used by Ringold et al. [73], where an artificial potential field approach 
was followed to keep the robots under the load (by attracting inside the edges of the payload) and 
to ensure balance (using a zero moment point (ZMP) strategy). This work simulated four robots 
carrying an object as compared to our varied number of robots including supporting robots in the 
system. Also, their assumption was that the load could be carried over the obstacles – i.e., only 
the robots will be affected by the obstacle, not the payload itself. In our case, however, we 
considered the obstacles affecting the payloads as well (or the obstacles are taller than the robots) 
which might be true for a planetary terrain with scattered large rocks. In the work of Pereira et al. 
[70], only two-robot box carrying is simulated and experimented. The results of their experiments 
show that implicit or local communications of the robots (using a leader-follower approach) can 
be used to carry objects while avoiding obstacles (used only one large obstacle). The success rate 
of the robots to carry the object from a start to goal position (from an origin to a location of (2.0 
m, -1.5 m)) was 80% which is comparable to our simulations with (7+0) and (5+ 2) with 15% 
obstacles and (5+0) with 0% obstacles.  
6.4.4 Absence of supporting agents 
 To compare results of including and excluding the supporting agents, we included 
simulations to compute the percentage of completed distance (Fig. 6.7) and plot minimum energy 
in the system (Fig. 6.8). In Fig. 6.7, we observe that the effectiveness of the robots to reach the 
goal successfully depends on the total number of robots in the system – regardless of all robots 
participating in the load transport at once or some acting as support agents. Thus, the plots of a 
system having 5 load carrying robots and 2 support agents does not have any significant 
difference compared to the system of 7 load carrying robots without any supporting robot.  
122 
 
 
Figure 6.8. Minimum energy plots comparing two cases – (1) 7 robots under the load without any 
support agent as backup and (2) 7 robots in total with 5 robots under the load initially with 2 
supporting agents as backups. In these simulations, no specific unit was assigned for energy. 
Also, the number of simulation ticks refers to a time without a specific unit. 
 
 However, the addition of support agents has an influence on the energy curve, which is 
presented in Fig. 6.8. Here, two of the previously investigated cases are considered – one having 
5 load carrying robots and 2 support agents. Another case includes 7 robots - all for load carrying. 
As the latter case simultaneously uses all 7 robots for load carrying, the first death of a robot 
appears later than for the 5-robot case. The death of the robots is represented by the troughs in the 
curves. The following peak indicates an increment of the minimum energy because of the next 
minimum energy robot being represented. That is, the threshold lowest energy is set to 4000 units 
and whenever a robot’s energy level reaches that threshold, they are removed from the system 
which creates a spike because the current lowest energy robot has energy higher than 4000 units 
(in this experiment, for both the cases it is close to 4700 units for the first spikes). In the (5+2) 
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case, 5 robots die on the way (and possibly only the two replacement robots survive in the end) 
whereas for the (5+0) case, 3 robots die on the way. However, in the latter case, the average 
energy of the system may be comparable to the former case, since in the former case, the two 
supporting robots have a high amount of energy remaining as they spent low energy for 
maneuvering without carrying the load for a significant distance. For both the cases, obstacle 
percentages were set to zero for making the systems comparable with each other. 
6.4.5 Local versus global sensing 
 A global sensing capability at the local level requires a large amount of memory and 
processing which makes the robot agent complicated. Like biological systems, our robot agents 
were provided with a variable local sensing capability. Simulations were performed varying this 
visibility range within which a robot can sense the presence of another robot or an obstacle. 
 
Figure 6.9. Minimum energy plots comparing two different visibility ranges for the robot agents. 
In these simulations, no specific unit was assigned for energy. Also, the number of simulation 
ticks refers to a time without a specific unit. 
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 In Fig. 6.9, minimum energy plots are presented for two different values of the visibility 
range.  For both the cases, similar types of obstacle arrangement were used (0.001% for both 
cases). For both cases, a combination of 5 load carrying robots with 2 support robots (5+2) was 
used. From the plots, the evident significant difference is that for higher visibility range (range 6 
pixels), the initial robot dies later compared to the lower visibility range (range 3 pixels) case. 
That is, the energy level drops more quickly for the lower visibility range robots. This might have 
happened because the longer range enables the robots to see obstacles before a shorter range 
robot finds it, thus making the former robot more aware and so more efficiently avoiding the 
obstacles. To validate this proposition, we performed another set of similar simulations without 
any obstacles. 
 
Figure 6.10. Minimum energy plots comparing two different visibility ranges for the robot agents 
and without any obstacles in the environment. 
 
 Fig. 6.10 presents the plots from these simulations where this phenomenon is repeating 
itself – i.e., the first robot is dying faster in the case of a lower visibility range. A possible 
0
1000
2000
3000
4000
5000
6000
7000
8000
0 200 400 600 800 1000 1200 1400
M
in
im
u
m
 E
n
e
rg
y
Number of Ticks
Minimum Energy Plots for Varying Visibility Ranges
(without obstacles)
Visibility Range 3
Visibility Range 6
125 
 
explanation is that, with a low visibility range, the robots cannot perform load balancing 
efficiently in the beginning, and thus during the travel stages, possibly one of the robots shares 
too much load and so expends its energy much more quickly than the other robots. In this way, 
the robots having longer visibility range expend less energy to travel a similar distance as the 
robot having shorter visibility range. This is definitely an advantage to have, although there 
should be a trade-off between this advantage and the complexity incurred in the system as a result 
of this.     
6.4.6 Variable safe distance from the neighbors 
 Maintaining safe distance from each other is a characteristic that we observe in biological 
systems, and thus we proposed to include this behavior in our robot agents. With a high end value 
for the safe distance from the neighbor, the robots might end up with inefficient balancing like in 
the case of reduced visibility range. Also, with the lower end values, the robots might collide with 
each other which is not desirable in real-life applications. So, a mid-range value (3 pixels) was 
used as the minimum distance to be maintained from the neighbors to make sure that they do not 
merge / collide with each other. In the case of applying these methods using a modular robot 
system, this distance will need to be varied for different types of configurations of carrier robots. 
For example, when five-module quadruped meta-modules act as carrier robots, and when eight-
module hexapod meta-modules act as carriers, they will have different values for required 
collision-free safe distance from neighbors. This distance will also vary in the X and Y directions 
based on the configuration geometry. There is potential to explore this topic further by studying 
and applying robotic formation control algorithms such as demonstrated by Balch et al. (using 
unit-center-referenced, leader-referenced and neighbor-referenced formation position control) 
[109] and Ren et al. (using leader-referenced and multiple-leader referenced distributed formation 
control) [110]. Similar approaches may also be useful in forming the robots under payloads 
having different geometries and load distributions.  
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6.5 Summary and sustainability issues 
 In this chapter we have presented a novel biomimetic algorithm where a hybrid of some 
biological organisms’ behaviors was applied for robotic payload transportation. The studies were 
computer simulation-based and used the principles of multi-agent systems where the simpler local 
behaviors emerge into more complex global behaviors. At the local level, the robot agents 
performed some simple tasks such as maintaining a safe distance from neighbors, following the 
directions of the neighbors, avoiding obstacles, moving towards a predefined goal etc. At the 
global level, the system emerged into a team of robots carrying a payload while avoiding 
obstacles on its path along with the payload agent and gradually reaching the target – all together.  
 As discussed in section 6.1, this type of behavior is applicable for building a sustainable 
modular robot system being away from human intervention such as in planetary environments. To 
make a system sustainable, the robots must be robust – both at the local and global levels. Based 
on the study outcomes and theories presented in this chapter, improvement is needed to make the 
system readily applicable to rugged terrain applications, which is the most common case in 
extraterrestrial explorations. As the ModRED and especially ModRED II robot systems are 
designed to be deployable in rugged planetary terrains, future investigations can explore 
cooperative load transport using these robot systems. Fig. 6.11 presents illustrations of ModRED 
II robots performing cooperative load transport (comparable to the work of Schenker et al. [71] 
and Stroupe et al. [111] using wheeled rovers). The first case illustrates two meta-modules 
applying a four-module quadruped gait to carry a solar panel. The second one illustrates two 
meta-modules applying a three-module roller gait to carry a structural component where the 
central module in the meta-module is lifted to a higher elevation. This higher elevation lifting 
allows the robots to carry loads without interfering with the square wheels’ rotations and also to 
move through small obstacles that they may encounter. Given the high processing power of each 
of the ModRED II modules (as detailed in Chapter 5), relatively complex biomimetic algorithms 
can be utilized.  
127 
 
  
Figure 6.11. Cooperative load transport using ModRED II modules.  Two quadruped meta-
modules are carrying a solar panel (left), and two three-module roller meta-modules are carrying 
a structural component (right). 
 
In addition to the gait development and hybrid biomimetic algorithm application using 
the ModRED II modules, additional studies should be performed for successful deployment of the 
robots. These include: sensor noise reduction (to detect the object to carry, other modules or 
obstacles), development of manipulators to manipulate the payloads (such as in swarm-bots 
[112]), terrain characteristics analysis, strategy development for robot slippage and failure etc. 
Although biological organisms cannot survive in most of the known extraterrestrial environments, 
robotic swarms have potential to do so. Moreover, robotic swarm behavior has great potential to 
be enhanced to perform on other planets as efficiently as the biological organisms on Earth. 
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Chapter 7: Liquid inspired rough terrain traversal using modular self- 
reconfigurable robots 
  
7.1 Introduction 
As discussed in Chapter 1, obstacle traversal rather than avoidance can become an 
inevitable strategy while performing locomotion on a highly rough terrain. For sustainability, it is 
important to make the optimal use of each robot’s power supply which will benefit the overall 
power storage of the entire modular robot system. This can be achieved in some cases (e.g., less 
rough terrain with sporadic rocks) by obstacle avoidance. However, as presented in the previous 
chapter, with the increment of the percentage of obstacles in the environment (that is, with 
increased roughness), the probability of meeting the goals in terms of task completion and power 
usage is reduced. Thus, another avenue for the robot system’s optimal performance is to traverse 
over rough terrain and obstacles which is quite feasible using modular self-reconfigurable robots 
as opposed to a single rover. The reason behind this is the scalability of a modular robot system 
which is absent in a task specific robot. Fig. 7.1 explains the obstacle traversal issue with a 
contrasting case scenario in front of the Mars Curiosity Rover. 
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Figure 7.1. Mastcam image of Martian terrain taken by the Curiosity Rover near a location called 
“Dingo Gap”. The image illustrates contrasts between conditions where it is possible for a 
modular robot module to avoid the obstacles (larger sporadic rocks) and where it is impossible to 
avoid obstacles and the robot must traverse the rough terrain (smaller rocks to the left and 
continuous rough terrain on top) [113].   
 
With the current state of the art, a large number of modular robots (up to 2.2 million) can 
be simulated, where the simulations include locomotion of self-reconfigurable modular robots 
[114, 6]. However, real life applications with deployed robots have not come close to this. The 
highest number of connected modular robots experimented so far is PolyBot with 56 connected 
modules [6, 37]. Autonomous robot modules require a high number of parts for actuation and 
sensing and thus, even a single robot module consists of a large number of variables which cannot 
be identically reproduced across all modules. Essentially, the large simulations are highly 
idealized. This suggests that with the current technology, we are unable to deploy a very high 
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number of modular robots in a completely autonomous application (which was one of the 
motivations in using high number of DOF in a ModRED module).  
However, being optimistic about the progress of future technology (that even a very small 
autonomous modular robot can be operated with a good degree of robustness and the overall 
homogeneity of the robot system will be high), we will present a hypothetical theory in this 
chapter where a very high number of modular robots will be deployed to perform locomotion 
over rough terrains. The theory will be followed by a design concept generated to test such a 
system experimentally. Benefits of such a system are its high reconfigurability and a high level of 
scalability leading towards effective locomotion over very rough terrains.    
 
7.2 The liquid concept 
Imagine a rough surface with a number of small potholes where a liquid is poured. As the 
liquid fills in a pothole, it will overflow and will gradually move towards a neighboring pothole. 
At this point, any additional liquid in the first pothole will not increase the height of the liquid 
any further but rather will flow towards the lower elevation that remains devoid of liquid.  
    
Figure 7.2. A 2D representation of liquid flow over rough terrain. Liquid fills pothole from peak 
A to B as it is supplied from somewhere left of A.  Then eventually the pothole fills from B to C 
(left). Similar incident as (left) except for the low altitude of peak A is compensated by a robot 
dam (right). 
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From Fig. 7.2 (left), we can get a general picture of how liquid flows from one pothole to 
another. But this is just a special case where peak B is lower than peak A. This enables the liquid 
to easily flow from A towards B due to gravity. However, this might not always be the case and 
the peak altitudes might gradually increase as is true for peaks A, B and C in Fig. 7.2 (right). In 
this case, given an infinite distance of the next peak to the left higher than B, there is an infinite 
amount of liquid required to fill in the pothole from A to B. Thus, to be able to bind the liquid in 
the left side, an artificial peak or robot dam is created. This dam (yellow square shaped robots) is 
created by gradual or step by step arrival of the unit robot modules into the system. The stepped 
dam structure created by these robots is utilized by the green robots for easy locomotion over it to 
reach the edge of the dam and dive into the pool of liquid.   
Now, in reality, the green robots are not diving into a pool of liquid, rather they are 
diving into a pool of identical robot modules (as presented by the blue robots near cliff C1) who 
already dived there passing the dam in the first place. This behavior has a difference from liquid 
behavior because the liquid molecules can penetrate to the bottom which is not possible for the 
robot modules. Thus, the liquid flow-inspired behavior is taking place in macro scale as the 
overall robot system ‘flows’ like liquid. However, in micro scale the analogy might not hold. 
Here, the question may arise: can the robots traverse over the peaks without creating the steps? 
From Fig. 7.2 (right), peaks A, B and C are of gradually increasing slope and it is clear that a 
single robot cannot traverse over cliff C1 by itself. Let us assume that a similar statement is true 
for peak B. At this point, the robots must create the steps to overcome the peak next to it and 
jump into the adjacent pothole. So, the robots are basically behaving in a dual state – solid (while 
creating the steps and dams and while climbing up the steps – both the yellow and green robots) 
and liquid (as they jump into the pool i.e., blue robots). In real life applications, however, the 
132 
 
robots need not behave exactly like liquid. Rather, after jumping into the pool, they can continue 
creating more steps as required for the other robots to arrive and traverse over the next obstacle.  
7.3 Locomotion of the robot system 
As there should be a finite supply of robot modules into the environment, reusability of 
the robot modules is necessary to keep the system moving towards its goal direction.  
 
Figure 7.3. Illustration of alternating usage of robots as movers and dam makers for locomotion 
over an unstructured terrain.   
 
Now, we can understand the reusability of the robot modules from an example problem. 
As in Fig. 7.3, if peak A is not completely accessible by a single module, due to steepness, or if it 
is possible, but the modules decide not to allocate the energy necessary to climb up there, they 
can form a stair-like structure as in stage 1. The robots that remain stationary on this stair-dam 
structure are represented in yellow. Now more robots (represented in green) travel on this 
structure to reach the pothole between peaks A and B. A single robot module reaches to a 
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maximum elevation possible, and then others stay behind this module. More robots join the new 
structure to help reduce the slope so that the newcomer robots do not have to expend a great deal 
of energy to climb. This replicates filling in the pothole with a liquid as in the liquid concept 
discussed earlier.    
At this point, if no more new robots are added to the entire system, then the yellow robots 
do not need to act as a support structure anymore and they can start moving on the surface 
elevated by the yellow and green robots. The yellow robots at the left gradually move towards 
right to jump into the pothole between B and C1. Eventually these yellow robots create an 
identical step structure and then a flatter surface so that the green robots can use it to move 
towards peak C. In this way, the entire system keeps moving forward as if an autonomous liquid 
structure is performing locomotion.  
The presented method has some similarity with the locomotion illustrated in [77, 78] in 
the sense that they are both for traversing obstacles using multiple modular robots. However, our 
procedure is mostly an unconnected system of discrete modules performing independent 
locomotion. The robots perform cooperation to make use of their connectivity as a leverage to 
scale obstacles and other modules. Unlike the referred system, here, the modules are not 
connected for most of the time.  
Our method has also similarity with the Cellular Automata approaches followed by some 
researchers [115, 116, 117]. In the first work, Butler et al. presented a rule based approach to 
traverse obstacles. In this work, an initial 3D array of cells follow some rules that allow the array 
to conform to an obstacle field. Their observed motion from the simulation was very compliant to 
the terrain, and in high speed, it appeared like liquid flow, as is expected in our case as well. For 
such systems, we propose the design of a modular robot which can possibly be used to validate 
the cellular flowing methods through experiments.      
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7.4 Proposed design of a robot module 
It is not exactly possible to achieve a close-to-liquid motion with the current state of the 
art because of various reasons such as the inability of autonomous control of extremely small 
modular robots, their individual perception capacity, continuum behavior, and error propagation, 
etc. However, for the purpose of proof of concept, we propose a design of a modular robot named 
Liquid Inspired Modular Robot for Exploration and Discovery (LIMoRED).    
 
Figure 7.4. CAD rendering of the basic components of a LIMoRED module. Some of the parts 
are shown in transparent mode to make the inner components visible.  
 
LIMoRED consists of two concentric continuous rotary DOF and two docking faces (an 
advanced design might have an increased number of docking faces) perpendicular to the rotary 
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DOF axis. As is evident from Fig. 7.4, a number of design concepts were used here from 
ModRED and ModRED II. The two DOF were provided by means of two continuous rotation 
servo motors with gear reduction. The docking faces included the RoGenSiD genderless, single-
sided docking mechanism. An interesting feature of this robot is a design idea taken from M-
Blocks modular robots developed by Romanishin et al. [17]. 
 
 
Figure 7.5. Advantage of the inertia drive system and cylindrical magnets in climbing a module 
is represented by a step by step (a to c) illustration. 
 
As in [5], our design includes an inertial drive mechanism in each of the square wheels 
and diametrically polarized magnets in each of the edges of both the square wheels. The inertia 
drive would consist of a rotating flywheel whose inertia is utilized for the movement of the entire 
module. A simple braking mechanism would stop the motion of the rotating flywheel which 
would give rise to this inertial impulse. We would use cylindrical diametrically polarized 
electromagnets along the edges of the square wheels so as to provide temporary docking as well 
as pivoting motion about the axes of the magnets. Fig. 7.5 provides a graphical explanation of the 
mechanism’s action. Detailed information can be found in [5].   
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Figure 7.6. Advantages of the wheels – (a) in traversing over a module where module B is in a 
higher elevation than module A and (b) in climbing a module where module B is in a lower 
elevation than module A.  
  
A major drawback of the cubic modular robots such as M-Blocks is that the edges of the 
robot modules have to be properly aligned with each other, which is nearly impossible in rough 
terrain applications. The additional square wheeled locomotion would solve this problem which 
has been explained using Fig. 7.6. As in Fig. 7.6 (a), where module B is at a higher elevation than 
module A, M-Blocks will not have alignment of the magnets in the edges and thus have to rely 
completely on the inertia drive which is a difficult controls problem. However, the rotation of the 
square wheels can easily take module B over module A. 
Also, when module B is in a lower elevation than module A (as in Fig. 7.6 (b)), it can still 
apply a step by step procedure to climb up. In the beginning, by rotating the wheels, the magnets 
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in one edge of B will be in the vicinity of those in A. Then a simultaneous rotation of module B 
wheels and attraction of the connected magnets will pivot the entire module and take it to the 
same level of A. Now following the same steps as in Fig. 7.5 will ultimately take module B on 
top of module A. From the design discussion above, it is clear that once built, these robot 
modules will have the capacity to follow the liquid-like locomotion over a rough terrain as 
presented in section 7.3.     
 
7.5 Approaches for minimal power consumption 
 Obstacle traversal and obstacle avoidance can be two possible options in front of a 
modular robot system at a given instance of performing locomotion in a rough terrain. Using the 
2D liquid concept, it is only possible to traverse obstacles and rough terrains; however, adding the 
third dimension would make the system capable to avoid obstacles as well. It is possible to enter 
the third dimension using LIMoRED’s quasi-wheeled gait as the wheels can be run in varying 
speeds to execute turns. Fig. 7.7 presents two situations where LIMoRED robots are in front of 
two types of obstacles; the first one is avoidable and the second one is either not avoidable or 
avoiding would require a higher amount of energy than traversing.  
     
Figure 7.7. Two LIMoRED robot modules in front of an avoidable obstacle (left) and in front of 
an unavoidable / inefficiently avoidable obstacles (right). 
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 In the case of easily avoidable obstacles, the robots’ strategies should be to take local 
actions to avoid the obstacles. For wider obstacles, the robots may communicate with each other 
(1) to develop ideas about the size of the obstacle and (2) to make decisions about coalition 
formation so as to use the liquid concept to traverse the obstacles. For both cases, the robots 
would expend energy to reach to the other side of the obstacles, and for better sustainability, they 
need to choose from the options based on the estimated energy usage. Procedures for choosing 
between the two options are presented in Table 7.1, based on the energy usage for both options.  
 
Table 7.1. A comparison of obstacle avoidance versus obstacle traversal to aid decision making 
based on energy usage. 
Actions to Consider Obstacle Avoidance Obstacle Traversal 
1. Size of the  
    obstacles 
Smaller obstacles. Larger obstacles. 
2. Obstacle detection Local sensing by a single module. May need global sensing 
coordinating data from multiple 
modules. 
3. Team formation N/A Needs communication and 
coordination among the modules.  
4. Energy estimation 
    for locomotion 
Depends on the width of the 
obstacle (the dimension 
perpendicular to the original 
locomotion direction). 
Mostly depends on the length (the 
dimension along the original 
locomotion direction) and height of 
the obstacle. 
5. Comparison of   
    energy expenditure 
Add all the required energy 
expenditure for 1-4 and compare 
with that for obstacle traversal. 
Add all the required energy 
expenditure for 1-4 and compare 
with that for obstacle avoidance. 
6. Decision making Keep / discard this option if the 
estimated energy consumption is 
lower / higher respectively than the 
other option.  
Keep / discard this option if the 
estimated energy consumption is 
lower / higher respectively than the 
other option.  
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7.6 Future directions 
After a proof-of-concept using LIMoRED robot system to achieve successful locomotion 
on a rough terrain, further investigation could be performed about the study of energy and time. 
As the robots will be deployed in an environment with no human intervention, they have to store 
sufficient energy or have adequate recharge capacity to carry out their tasks over an extended 
mission timeline. The theory of liquid-like locomotion presented in this chapter mostly covered 
the 2D case and it needs to be extended towards a 3D application to closely match it with real 
environments (as touched on in section 7.5). Having two independent wheels already supports 3D 
maneuvering of a LIMoRED module, and further measures should be taken such as adding 
docking faces and enhancing the robot’s sensing and computing capacity, etc. Another avenue for 
improvement can be the miniaturization of the robot modules which will enable the robots to 
better match the rough terrain profiles and result in a more liquid-like locomotion. 
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Chapter 8: Conclusions and future directions 
  
8.1 Summary 
 This dissertation presents some approaches and efforts towards developing a sustainable 
modular robot system in a planetary surface terrain. The primary goal behind building such a 
system is to ensure the sustainability of a team of robots deployed in a planetary environment to 
perform scientific experiments and to build robotic outposts and habitats for future human 
presence. Having this goal in mind, design of a dexterous modular self-reconfigurable robot 
(MSR) was proposed. MSRs are better candidates for performing in an unstructured terrain over 
long periods of time because of their multiple characteristics such as flexibility, reconfigurability, 
self-healing, multitasking capability etc.  
 In this work, a four-DOF MSR called ModRED was designed and developed to 
demonstrate its kinematic abilities and locomotion gaits. ModRED comprised three rotational and 
one prismatic (RRPR) DOF and two docking mechanisms to connect with other modules and 
form chain configurations. ModRED was proven to be an advanced kinematic entity offering high 
dexterity and thus advanced workspace features. Its high dexterity enabled its high autonomy 
which is an essential feature to survive in an environment that lacks human intervention. 
   To perform experiments on rugged terrains, an improved version of ModRED was 
designed called ModRED II. This robot has similar kinematic features to the first version with an 
addition of two more (four in total) docking interfaces. This would enable the system to generate 
a large number of possible configurations and locomotion gaits as the system would upgrade 
itself from a chain to a hybrid system. The ModRED II design also includes advanced sensing 
and processing capabilities which are better suited for unstructured terrain applications. 
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 Both ModRED and ModRED II were equipped with a genderless, single-side operable 
docking mechanism called RoGenSiD. This type of docking interface is useful to ensure self-
healing of an MSR system. The mechanism was successfully tested for its single-sided operation. 
Its features such as fault tolerance, compliance (due to series elastic actuators) and power / signal 
sharing capability would benefit the MSR deployed in a rough terrain environment.  
 As a variety of locomotion gaits would increase efficient maneuvering over planetary 
surface terrains, the ModRED system, and especially ModRED II, has a high potential to thrive in 
such an environment. The high variety of locomotion gaits including quasi-wheeled, legged and 
worm-like locomotion proposed and demonstrated using ModRED II and ModRED robots 
validate this statement about the survival of this robot system. 
 After the development of basic kinematics, self-healing-capable docking mechanisms and 
generation of various locomotion gaits, modular robots were simulated to perform cooperative 
load transport while avoiding obstacles. A bioinspired algorithm was developed for this purpose, 
and simulation results indicated applicability of this algorithm to field-deployable robots. 
 Finally, a theory was presented along with the design of a novel modular robot to perform 
locomotion on a rough terrain with unavoidable obstacles. The theory was inspired by the motion 
of liquids on a solid surface and required the involvement of a large number of robot modules. 
 Based on these studies, we can identify some major causes of possible failures in the 
robot system to be deployed in a planetary environment. The failures are broadly classified as 
module or local level failures and system or global level failures which are presented in Table 8.1. 
Because of being a modular robot system, most of the possible failures are local level failures. 
This dissertation attempted to address a number of both types of failures, and in the future the 
protective measures may be improved to make the system more robust and thus sustainable.  
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Table 8.1. Identified causes of failures for a modular robot system deployed in a planetary 
environment. 
Module or Local Level Failures System or Global Level Failures 
 Structural failure due to unusual loading. 
 Motor failure due to excessive loading on 
the bearings or high current draw. 
 Electrical failure due to heavy current 
draw or due to cosmic rays. 
 Joint failure due to dust. 
 Camera / IR sensor malfunction due to 
dust deposit. 
 Component failure due to extreme 
temperature and / or pressure. 
 Meta-module level failure due to failed 
self-healing / single-sided undocking. 
 Design defects affecting all the modules. 
 Meta-module level gridlock due to 
completely non-traversable obstacles. 
    
All these studies and experiments further elucidated the requirements for a sustainable 
robot system. The positive outcomes or successes out of these studies can be enhanced and 
directly applied to develop robotic outposts in extraterrestrial worlds. The negative outcomes or 
failures can point out the niches for improvement and to search for alternate strategies. Overall, 
this thesis can be considered as an initial step towards developing sustainable modular robot 
systems in terrestrial planets.    
 
8.2 Contributions 
 As discussed in the previous section, this thesis makes clear contributions in developing a 
better understanding of the design and development of modular robot systems for long-term 
planetary terrain deployment. Planetary exploration and colonization have limitless opportunities 
for mankind because the universe – even if we scale it down to the solar system – is a vast 
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storehouse of resources such as habitable land, water and minerals. Some of the specific 
contributions of this thesis are presented in the following sub-sections. 
8.2.1 Contributions in modular robotics 
 This thesis makes a number of contributions in the field of modular robotics – especially 
involving hardware-oriented outcomes as well as some software and algorithmic outcomes. 
Specific contributions in this field are as follows: 
Development of a high dexterity modular robot: A modular robot having four DOF can 
be considered as a high dexterity module given that a large number of modular robots developed 
to date are equipped with one, two or three DOF [118, 6].  The ModRED MSR system’s four 
DOF explored the trade-offs between high dexterity / autonomy and complexity of a single 
module. In addition, its prismatic DOF offers some unique features in the robot system which was 
underutilized in previous research.  
A modular robot for rough terrain deployment: The ModRED II MSR system adds a 
novel perspective in traversing rough terrains – mostly by introducing a series elastic actuator-
driven modular robot. Another contribution was to use a single-board computer for advanced 
processing, which made it possible to use four cameras (one per docking face) and other 
perception systems. 
Development of a genderless, single-side operable docking mechanism: The RoGenSiD 
mechanism is a genderless and single-side operated docking mechanism. Little work has been 
performed on this type of docking interfaces in the field of modular robotics, and thus the 
mechanism developed and successfully experimented as part of this thesis is a unique 
contribution. 
A novel modular robot with liquid-inspired locomotion: Although not detailed, the liquid-
inspired motion theory for modular robots along with the proposition of a novel modular robot 
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may inspire future roboticists to investigate and advance this technology. Once validated, this 
strategy of using modular robots has the potential to be applied in real-life applications.  
Table 8.2 presents a comparison of some key features of modular robots including the 
modular robots developed or proposed in this dissertation. These data may be useful in comparing 
the robots’ abilities and potential in sustainable rough terrain traversal applications. Module 
autonomy was characterized at three levels (high, mid, low) which was based on a rough 
understanding of a module’s number and type of DOF. In general, single robot modules capable 
of wheel-like locomotion had high autonomy, modules capable of single wheel-like locomotion 
had medium or mid-range autonomy and the modules with no wheel-like DOF were defined to 
have low autonomy. However, for M-Blocks robots [17], this was different because of its unusual 
method of actuation. Self-healing capability was based on the availability of single-side operable 
docking mechanisms. Number of connector faces gives more possible configurations and gaits 
which aids in surviving various types of terrains.   
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Table 8.2. Contribution in terms of module features of the developed and proposed modular 
robots in this dissertation comparing with some other existing modular robots [118]. 
Modular 
Robot 
Module 
Autonomy 
Connector 
Self-
healing 
Capability 
Number of 
Connector 
Faces 
(actuated) 
Computation Sensors 
MTRAN III Low No 6 (3) Renesas 
HD64F7047 
2 × HD64F3687 
HD64F3694 
Acceleration, 
Proximity. 
ATRON Low No 8 (4) 2 × Atmel 
MEGA 128L 
Joint position, 
proximity. 
Polypod Low No 6 (2) Motorola 
MC68HC11 
None 
PolyBot Low No 2 (2) Motorola 
PowerPC 555 
Joint position, 
docking aid, 
force. 
SMORES High Yes 4 (3) NXP LPC1768 
32 bit ARM 
Joint position, 
radio. 
SuperBot Mid Yes 6 (6) Atmel  
MEGA 128 
Joint position. 
M-Blocks High Yes 6 (0) 32 bit ARM Proximity, 
acceleration, 
orientation, 
docking aid, 
joint position. 
ModRED Mid Yes 4 (4) Arduino Fio 
ATmega 328P 
Proximity, 
acceleration. 
orientation, 
docking aid, 
radio. 
ModRED II Mid Yes 4 (4) Beaglebone 
Black single 
board computer 
Joint position, 
proximity, 
acceleration. 
orientation, 
docking aid, 
camera, radio. 
LIMoRED High Yes 2 (2) Not  proposed Docking aid, 
camera. 
 
8.2.2 Contributions in robotic planetary exploration 
 The contributions made in modular robotics also apply to robotic planetary exploration 
because of the nature of modular robots and simply because the MSR system was designed for 
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the purpose of planetary exploration. Some specific contributions made in this field of 
extraterrestrial exploration are pointed out below:  
Study on the sustainability of modular robots in planetary terrains: Although being 
important for future human presence around the solar system and maybe beyond, sustainable 
robotic explorations have not been thoroughly studied in the literature. The most notable works 
have been performed by Stroupe [111] and Schenker [119] using robotic rovers and Shen [38] 
and Yim [24] using modular robots. Our study in this thesis presents a comprehensive study 
addressing sustainability of a modular robot system in the case of rough surface terrain 
exploration of a planetary environment addressing multiple aspects of this specific topic. 
Hardware and software development for rough terrain traversal: Robotic systems need 
unique design and software features for exploring the rough terrains of terrestrial planets and 
satellites (such as Mars, Earth’s Moon, Europa, Titan etc.). In this thesis, special attention was 
paid to developing the robot systems and components according to these needs. The ModRED, 
ModRED II and LIMoRED robot systems (discussed in Chapter 2, 3 and 7 respectively) and the 
RoGenSiD mechanisms (in Chapter 4) addressed the needs for making the robot systems fit for 
unstructured terrain traversal.  
Study of bioinspired cooperative robotics: As biological creatures demonstrate superior 
quality of locomotion and task completion on rough terrains, mimicking these behaviors can 
possibly result in highly efficient robotic systems in extraterrestrial environments. Thus, the 
simulation performed on cooperative load transport using bioinspired multi-agent algorithms (in 
Chapter 6) as well as proposition and experimentation of bioinspired locomotion gaits (in Chapter 
5) are significant contributions towards developing highly efficient biomimetic robot systems in 
extraterrestrial environments. 
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8.3 Future directions 
Planetary exploration / colonization and modular robotics both are emerging fields of 
technology which have immense potential to reshape the future.  This thesis provides methods, 
designs and literature survey on the topic of sustainability of an ecosystem of modular robots to 
aid more advanced cooperative and explorative robotic systems to be developed in the near 
future. Saying this, we would like to conclude the thesis by providing some directions to future 
work that can be performed based on this study.  
  An obvious future work is to develop the ModRED II robots following the design 
presented in this thesis. Realization of this system will enable further automating the RoGenSiD 
docking mechanisms and the overall robot perception-fed actuation. In this way, a truly 
distributed autonomous robot system will be developed that can be tested in rough terrain setups 
in lab and outdoor environments. A following step can be the generation of the gaits proposed in 
Chapter 5 and exploration of more locomotion gaits and configurations. This will require a great 
deal of work to be performed on self-reconfiguration of the robots (mostly to reconfigure from 
one gait-configuration to another). Increasing the number of robots in the system and the number 
of connected robots can be challenging but are problems worth investigating. In this context, 
quasi-wheeled or stable legged locomotion gaits of ModRED II can be applied to validate the 
simulations performed in Chapter 6 regarding cooperative payload transport. This might face 
certain challenges such as gripping the load, moving under the load without toppling it and 
balancing – especially while maneuvering a rough terrain. The LIMoRED robot proposed in 
Chapter 7 also has possibilities to become a successful modular robot system for traversing 
unstructured terrains. This work may also require focus on using a high number of robots for its 
successful operation.  
Most of the studies performed in this thesis are using unit-modular robots. Heterogeneous 
modular robotic systems can be derived from such systems. For example, the ModRED or 
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ModRED II systems may include modules that would carry larger power supplies to feed to 
discharged robot modules. Also, some of the robot modules may include manipulators for 
experimentation on rock samples or to manipulate construction components of robotic outposts or 
human habitats. Heterogeneity was already introduced in Chapter 5 (Fig. 5.4, a foot module) and 
several other options can be applied based on requirements.  
Miniaturization of the robot modules can be another avenue to explore. As pointed out by 
Murata and Kurokawa in [120] that although the improvements in microprocessors (increase in 
processing power and decrease in size) are quite fast, other components in the system such as 
actuators, sensors, power supply etc. pose bottlenecks to reduce the size of a module below a 
certain scale. The authors (and developers of MTRAN robots [120]) directed their readers 
towards the development of molecular machines using DNA nanotechnology as in that case the 
robot modules can be built in the scale of biological cells (2 μm for bacteria and 20 μm for 
multicellular organisms). The advantage of smaller modules is that the overall MSR system will 
have finer resolution. A robot system like LIMoRED as presented in Chapter 7 will be highly 
benefited by this characteristic as it can interact with the rough terrain more closely like a liquid.  
However, adapting these biological systems to inclement planetary conditions may pose another 
big challenge to overcome.   
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